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Lead is a t o x i n ,  of t h a t  there  is no doubt .  I t  has long 
been recognised th a t  exposure to t h i s  metal  can produce 
profound neurotoxic  m a n i f e s t a t i o n s .  Current  awareness 
centres  on the more subt le  neuro log ica l  d e f i c i t s  associated  
with chronic exposure to ' l o w - l e v e l '  lead.  The biochemical  
l es ions associated with the s l i g h t  c o g n i t i v e  derangements 
are u n c e r ta in .  The data in t h i s  th es is  is concerned wi th  
the i n v e s t i g a t i o n  of these biochemical  aber ra t ions  
associated wi th lead exposure,  using the r a t  as a model.  
The' r e s u l t s  in d ic a te  a l t e r a t i o n s  in severa l  neurochemical  
systems. Both the c h o l i n e r g ic  and adrenergic  nervous 
systems are i n v e s t i g a t e d ,  and s i g n i f i c a n t l y  a l t e r ed  l ev e ls  
of ne uro t r an sm i t t e rs  are noted,  as wel l  as a l t e r a t i o n s  in 
the a c t i v i t y  of  metabol ic  enzymes associated wi th these  
n e u r o t r a n s m i t te r  systems. A chapter  is also devoted to the  
i n v e s t i g a t i o n  of the in f luence  of lead on t e t r a h y d r o ­
b i o p t e r i n ,  the e s se n t i a l  c o fa c to r  f o r  t y r o s in e  hydroxylase  
as wel l  as other  enzymes. The in f luence  of  lead on the  
haematopoiet ic  system is wel l  known and associated wi th  
th is  e f f e c t ,  the in f luence  of lead on haem biosynthesis  
wi t h in  the r a t  brain  is also i n v e s t i g a t e d .
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Ai ms 0 r m e  p r o j e c t
The p r o j e c t ,  the r e s u l t s  of which ar e  p r e s e n t e d  i n  th is  
t h e s i s ,  was designed to in v e s t i g a t e  the b i o c h e m i c a l  
les io n (s )  responsib le  f o r  the ne uro log ica l  s e q ue l a e  
associated wi th lead exposure,  in p a r t i c u l a r ,  ' l o w - l e v e l '  
lead exposure.
I t  is wel l  recognised th a t  over t  c l i n i c a l  symptoms 
occur as a r e s u l t  of  both acute and chronic exposure to 
high doses of lead.  However, cu r ren t  awareness has 
concentrated on the more subt le  neuro lo g ica l  sequelae of  
chronic  exposure to reduced lev e l s  of the t o x i n ,  and i t  is 
the under ly ing  pa tho lo g ic a l  aber ra t io ns  which w i l l  concern 
the bulk of the research f o r  t h i s  t h e s i s .
A model of  ' l o w - l e v e l  lead exposure'  w i l l  be constructed  
in the r a t  which is a convenient  l abor a to ry  rodent fo r  such 
exper iments .  Various biochemical  parameters w i l l  be 
assessed in the brains of  these animals fo l lo w in g  exposure 
to lead by way of t h e i r  d r in k in g  water .
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Medicine,  C l i n i c a l  Science,  63,  44-45P.
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CHAPTER 1
INTRODUCTION
' " >_ f i l  b  L ü i  i c ù i  d ù p ü C  u -> w i i z d u  . u s e s  d  n  d  a  o  u  s  6  s
pas t  and p r e s e n t
Lead,  a s o f t ,  b l u i s h - g r e y  subs t ance i s one o f  t he seven
me t a l s  known t o  man since a n t i q u i t y ,  t he  o t h e r s  be i ng
copper ,  go ld ,  mercury,  s i l v e r ,  t i n  and z in c .  I t  s discovery
dates back around 6,000 years .  A l l  lead is u l t i m a t e l y
der ived from the e a r t h ' s  c rus t  where i t  e x is t s  p r i n c i p a l l y
as the sulphide ore ,  galena (Pb S) but also as c e r u s s i t e ,
lead carbonate (Pb CO ); a n g l e s i t e ,  lead sulphate ( Pb So )
3 4
and many o ther  ores produced as a r e s u l t  of  weathering of
ga lena .  The d iscovery of  lead may wel l  have resu l ted  from
the burning of  galena in a camp f i r e  (Waldron,  1973) .  On
burn ing ,  the galena would have been reduced to the ox ide ,
l i t h a r g e  (Pb 0) which in turn  could reac t  wi th unchanged
galena r e s u l t i n g  in m e t a l l i c  lead being recovered from the
ashes (equat ion 1 . 1 ) .
2Pb 0 + Pb S  ---------> 3Pb + SO Equation 1.1
2
The m et a l ' s  h is to ry  dates back to the Egyptian 
h i e r og ly ph i cs  of  around 1500 B.C. and both lead p l a te  and 
s ta tues  were discovered in the tomb of  Rameses I I I .  There 
are re fe rences to lead in the Old Testament;  the I s r a e l i t e s  
included lead amongst the spoi l  taken from the M id ian i tes  
in Mosaic t imes (Numbers, 31 .22 )  -
'Only the go ld ,  and the s i l v e r ,  the brass,  the i r on ,  the  
t i n  , and the l e a d , '
Subsequent ly,  Ezekie l  descr ibed lead as a major item of  
t rade  wi th the Phonecians ( E z e k i e l ,  27 .12 )  -
'Tarshish was thy merchant by reason of  the mul t i tude of  
a l l  kind of  r i ches ;  with s i l v e r ,  i r o n ,  t i n ,  and lead,  they  
t raded in thy f a i r s . '
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H i s t o r i c a l l y ,  the des i re  fo r  s i l v e r  was the p r i n c i p a l  
st imulus f o r  lead product ion in Roman and pre-Roman t imes.  
Galena, which was r e a d i l y  r e f i n e d ,  provided a p l e n t i f u l  
source of s i l v e r .  The s i l v e r  bear ing lead ore once heated 
to i t s  ox ide ,  was absorbed onto a bulk m a t e r ia l  such as 
bone ash, l eav ing behind the precious noble s i l v e r .  This 
process termed cup e l l  at  ion was a l luded to by the Prophet  
in the Book of Jeremiah (Jeremiah,  6 .2 9 - 3 0 )  -
'The bel lows are burned,  the lead is consumed of  the  
f i r e ;  the founder  mel te th in va in :  f o r  the wicked are not
plucked away. Reprobate s i l v e r  sh a l l  men c a l l  them, because 
the lord hath r e je c te d  them. '
The importance of  s i l v e r  is born by the knowledge t h a t  
lead mines were o f ten  termed s i l v e r  mines.  Mines in Asia 
Minor were r i ch  in s i l v e r - l e a d  o re ,  al though galena mined 
in B r i t a i n  contained considerab ly  less s i l v e r  (T y l e c o t e ,  
1964) .
Evidence e x i s t s  suggesting the widespread use of lead by 
many ancient  c i v i l i s a t i o n s  (Waldron & S t o f e n , 1974) .
Medi terranean cu l tu re s  f r e q u e n t l y  employed lead in a 
v a r i e t y  of  manners; f o r  b u i l d i n g ,  f i s h i n g ,  w ar fa re ,  and 
many other  purposes.  I t s  use has also been impl ica ted  in 
I n d ia ,  China and Pre-Columbian Mexico.
The product ion of lead has s t e a d i l y  r isen  since the  
discovery of  cup e l l a t i o n  ( S e t t l e  & Pa t te rson ,  1980) wi th  
peaks in product ion co inc id ing  wi th the Roman era and the  
I n d u s t r i a l  Revo lu t ion .  Although u t i l i z e d  ex te n s iv e ly  
throughout  the ancient  c u l t u r e s ,  lead remained in the  
background and came to the fo re  only when the Romans 
devised e la bo ra te  p ro jec ts  f o r  p rov id ing  t h e i r  towns and
houses wi th wate r .  (Bo u lak ia ,  1972; .  The ma jo r i t y  of  cne i r  
lead product ion was used t o  const ruct  aqueducts and w a t e r  
mains.  Lead pipes were const ructed by so lder ing s h e e t s  o f  
lead around a wooden mould w h i l s t  water  rese rv o i rs  
consisted of  lead l ined wooden tanks ,  a p r ac t ic e  learned  
from the Greeks who c o l l e c te d  ra in  water  using lead l ined  
r oof s  and stored o l i v e  o i l  in lead l ined vessels (Waldron & 
Stofen ,  1974) .  Lead pipes const ructed 2,000 years ago have 
been excavated in Pompeii ,  Rome and Bath,  and remain in 
working order  today.  The vast mining a c t i v i t i e s  of ancient  
Rome were c a r r i e d  out by c i t i z e n s  drawn from the ranks of  
pr isoners  of  war and c r im ina ls  who were sent down the mines 
as an a l t e r n a t i v e  form of  c a p i t a l  punishment to the  
amphi theat re  (E isenger ,  1977) .
The use of  lead d r in k ing  water  systems c e r t a i n l y
represented a hazard to heal th  f o r  Roman c i t i z e n s ,  as
indeed V i t r u v i u s  recognised in the f i r s t  century B.C.
(Waldron,  1973) ,  but a f a r  g r e a te r  r i s k  ex is ted  to the
Romans. The p r a c t i c e  of ' l e a d i n g '  wines can be traced with
c e r t a i n t y  to ancient  Rome, where the empir i ca l  discovery
2 +
was made t h a t  lead ions (Pb ) have a sweet t a s te  and were 
thus added to wines in order  to improve the f l a v o u r  and 
colour  and also to make sour wines more pa l a ta b le  and 
s a le a b le .  The syrup,  conta in ing lead ions,  was prepared by 
b o i l i n g  down must (unfermented grape j u i c e ) .  According to 
the degree of  reduct ion of the must,  the syrup was termed 
sapa, defrutum,  hepsema, car(o)enum or siraeum ( s i r e i o n ) .  
Many ancients  have d e ta i l e d  the p repara t ion of  t h i s  ' s a p a ' ,  
such as P l iny  and Columella (E isenger ,  1982) .  E s s e n t i a l l y ,
the important  point  was tha t  the mus 
to approx imate ly  one t h i r d  by heat ing over a slow f i r e  in a 
copper vessel  coated with stagnum which was a l e a d / s i l v e r  
a l l o y .  The Romans lacked s t e r i l e  cond i t ions f o r  ferment ing  
and s to r ing  wines and th e r e f o r e  these leaded wines also had 
the a d d i t i o n a l  proper ty  of conta in ing  a potent  fu n g i c id e ,  
namely a high concent rat ion  of lead ions,  wel l  known 
i n h i b i t o r s  of  enzymatic a c t i v i t y .  Sapa, prepared according  
to the d e t a i l e d  r e c i p ie s  in e x is te n c e ,  has been prepared 
and observed to contain Img lead/ml  (E isenger ,  1977; 1982) .  
I t  is ev iden t  th a t  merely one 5ml teaspoon of  such a syrup 
would be adequate to cause chronic lead poisoning.  The 
var ious r e c i p i e s  f o r  a d u l t e r a t i o n  of wine vary considerably  
but most c a l l  f o r  a 1:48 d i l u t i o n  of  the wine with sapa 
(E isenger ,  1982) .  The Romans and Greeks were also known to 
employ lead l i n i n g  of t h e i r  bronze pots to mask the b i t t e r  
t a s t e  obtained in food cooked in such vesse ls .  Many leaden 
pots have been recovered from the ruins of Pompeii ,  
Olynthus and other  c i t i e s  (Nra igu ,  1983) .  The Romans did 
not have access to sugar and as a s u b s t i t u t e  they employed 
sapa f o r  cooking purposes. The Apician Cookbook of Roman 
r e c ip ie s  makes use of defrutum or caroenum as an ingred ient  
in some 20% of the r e c ip ie s  (Nra igu ,  1983) .  I t  was 
e s p e c i a l l y  popular  as an ing re d ie n t  f o r  meats and sauces 
(E isenger ,  1982) .  Lead sa l ts  have been commonly employed as 
colour ing  agents in sp ices,  sweets,  cakes and cheese 
(H i l b u r n ,  1970) and the sweetness of  sapa also led to i t s  
use as a ve h ic le  f o r  medicines.
The enthusiasm of  Romans, e s p e c i a l l y  the a r i s t o c r a c y  f o r  
dr ink ing  wines is legendary,  the consumption bei ng 
e s p e c i a l l y  c o i l o s a i  during the days of the Empire in which 
even women began consuming a l c oh o l .  Considering t h i s  
prodigious consumption (Nra igu ,  1983) and the f a c t  tha t  the 
p r a c t i c e  of leading wines was widespread,  a p ra c t ic e  which 
Pl iny  complained of repeated ly  (E isenger ,  1982) ,  i t  is not  
s ur pr is ing  t h a t  lead poisoning was endemic in ancient  Rome 
(Waldron,  1973) .  Indeed,  i t  has been proposed that  in view 
of the widespread s t e r i l i t y  amongst the a r is t o c r a c y  of Rome 
(Waldron,  1973) and t h e i r  reduced l i f e s p a n ,  lead poisoning  
was a c o n t r ib u t in g  f a c t o r  in the de c l i ne  of  the Roman race 
and the eventual  f a l l  of  the Roman Empire. C er ta in ly  many 
emperors e x h ib i t e d  signs and symptoms co ns i s ten t  with those 
of  lead poisoning.  Claudius is an example of such an 
emperor (Nr a igu ,  1983) al though the pathogenesis of his 
ai lments is a mat te r  of  debate (Moss, 1963) .
I t  is f a r  from c le a r  when the f i r s t  observat ions were 
made of  the p o t e n t i a l  to x i c  e f f e c t s  of lead to cause a 
condi t ion which was also known under a l t e r n a t e  names to 
lead poisoning such as plumbism or saturnism.  However,  
c e r t a i n l y  by the t ime of Hippocrates the c l i n i c a l  symptoms 
of the disease were accura te ly  descr ibed (Waldron, 1973) .  
I t  is g e n e r a l l y  accepted al though not u n i v e r s a l l y ,  th a t  
Hippocrates was the f i r s t  of the ancients to a t t r i b u t e  
severe c o l i c  in a man who ex t rac ted  metals to lead in 370 
B.C.- (Hunter ,  1962) .  The f i r s t  unquestioned c l i n i c a l  
account of  lead poisoning a r is i n g  from the ingest ion of  
cerusse and l i t h a r g e  must be accred i ted  to the Greek
P h y s i c i a n  Ni cancer in the second c e n t u r y  8.C.  (Waldron,  
1973; Gloag, 1980) .  Dioscor ides in the f i r s t  century B.C. 
gave a f u l l  but accurate d e s c r ip t i o n  o f  the i l l  e f f e c t s  o f  
consuming l i t h a r g e  (Hunter ,  1962; Waldron, 1973).  Both 
Dioscor ides and Pl iny  recognised the dangers of consuming 
leaded wines and warned the c i t i z e n s  but alas to no a v a i l .  
Pl iny  echoed the words of Dioscor ides who wrote th a t  
corrected wine was 'most h u r t f u l  to the nerves'  when he 
stated t h a t  ' from the excessive use of such wines a r ise  
dangl ing . . .  p a r a l y t i c  hands. '  (Waldron,  1973) .
Fol lowing the f a l l  of  the Roman Empire in the four th  
century ,  the use of lead decl ined and remained at a low 
l eve l  f o r  around 600 years ( S e t t l e  & Pat terson ,  1980) .  
However, the p r a c t i c e  of sweetening wines using lead or 
lead s a l t s  cont inued u n t i l  wel l  i n to  the e ighteenth century  
despi te  a decree banning the p r a c t i c e  by Imper ia l  Law in 
1498. As a r e s u l t  endemics of  c o l i c  ensued f r e q u e n t l y .  The 
most famous in c i de n t  of  a c o l i c  epidemic r e s u l t i n g  from the 
a d u l t e r a t i o n  of wine to improve the q u a l i t y  was described  
by Francis C i t o is  in the s ix te en th  century when he 
described what was termed the c o l i c  of Poitou or Col ica  
Pictonum (Waldron,  1970; Eisenger ,  1982) .  Col ic termed the  
'West Indian d r y - g r i p e s '  was descr ibed in the ea r ly  days of 
the American colonies (E ighteenth c e n tu r y ) ,  the cause of  
which was t raced to the use of lead condensers in rum 
s t i l l s  and to the use of pewter and glazed earthenware with  
a high lead content  (McCord, 1953) .  Por t ,  drunk l i b e r a l l y  
by the Engl ish gentry of the e ighteenth and nineteenth  
centur ies  was also known to contain a considerable  quant i t y
o r  i e ü O ( M c C o r d .  i 9 5 3 :  6 d i i ,  i d / ! } .
As a r e s u l t  of the more s c i e n t i f i c  out look of  the 
f i f t e e n t h  century onwards, which cont ras ted  with the a n t i -  
s c i e n t i f i c  a t t i t u d e  of the ancient  wor ld ,  occupat ional  
physic ians emerged. During the Renaissance of the 
seventeenth ce n tury ,  Samuel Stockhausen became concerned 
with the heal th  of lead miners.  However, the ae t io lo gy  of 
the f reque nt  c o l i c  a t tacks  was not recognised u n t i l  1696 
when Eberhard Glocke l ,  a German phys ic ia n ,  in f luenced by 
Stockhausen's work, associated the leadening of  wines with  
the .symptoms of c o l i c  (E isenger ,  1977 ) .
The 'Devonshire C o l i c '  was a disease of the c id e r  
count ies  of England during the e ighteen th  century ,  
occur r ing  r e l a t i v e l y  i n f r e q u e n t ly  in Here fo rd ,  Gloucester ,  
Worcester ,  Somerset and Cornwal l ,  i t  acquired endemic 
propor t ions  only in Devon i t s e l f ,  being f i r s t  recognised by 
Wi l l i am Musgrave in 1703. There is l i t t l e  doubt from 
Musgrave's de sc r ip t i o n  of the i l l n e s s ,  he is descr ib ing  
lead poisoning.  The d isease ,  as considered by John Huxham 
in 1739, was due to the consumption of  c i d e r  which was 
i ncomplete ly  fermented.  However, some t h i r t y  years l a t e r  in 
1767, S i r  George Baker diagnosed the Devonshire c o l i c  as 
being caused by lead poisoning (Baker ,  1768) .  The source of 
t h i s  lead however became a mat ter  of  g rea t  debate.  Whi lst  
Baker considered th a t  the vats used f o r  prepar ing the c i d er  
in Devon provided the source of lead,  James Hardy blamed 
the use of glazed earthen jugs employed f o r  storage of such 
c i d e r .  Uptake of  lead from such vessels had been predicted  
by Lind in 1754. Baker designed e la bo ra te  experiments and
d emons t r a t ed  t he  presence o f  lead i n t he  c i d e r  f e r ment ed  
in Devon whi le  he could f i n d  none i n the c i d er  made in 
neighbouring count ies (Singer  & Underwood, 1962) .  Although 
Baker had many c r i t i c s  in his t ime,  wi th opposi t ion coming 
from both o ther  physicians and the c i d er  manufacturers who 
had grea t  d i f f i c u l t y  accept ing the not ion t h a t  such t r i v i a l  
q u a n t i t i e s  of lead could cause such harmful e f f e c t s ,  i t  is 
now accepted tha t  he had diagnosed the source of lead 
c o r r e c t l y  (Waldron,  1970) .
With the onset of the I n d u s t r i a l  Revolut ion the uses to 
which lead was put increased and hence the demand f o r  the  
metal rose d r a m a t i c a l l y .  This increase in lead mining 
r es u l t ed  in Tanquerel  des Planches in 1839 publ ishing in 
Par is ex tensive  studies descr ib ing  the c l i n i c a l  signs and 
symptoms of chronic lead poisoning,  a disease descr ibed in 
the e igh teen th  century in the l e a d h i l l s  of  Scotland as the 
' m i l l r e e k ' .  Despi te t h i s  work, l e g i s l a t i o n  to p ro t ec t  
workers in B r i t a i n  was not int roduced u n t i l  the Factory Act 
of 1864 wi th f u r t h e r  Acts in 1878 and 1883.
; ' f a c t o r y  inspectors
were appointed to i n v e s t ig a t e  , i n d u s t r i a l
hazards e s p e c i a l l y  l e a d , #  Owing to the work c a r r i e d  out by 
Dr. Thomas Legge, the f i r s t  medical  inspector  of f a c t o r i e s ,  
lead poisoning ev en tua l l y  became a n o t i f i a b l e  disease in 
1899. This approach has been an e f f e c t i v e  one, as despi te  a 
steady r i s e  in lead consumption during the f i r s t  h a l f  of  
the t w e n t i e th  cen tury ,  the incidence of lead poisoning has 
f a l l e n .
C ur re n t ly  in the tw e nt ie th  cen t ur y ,  the uses of  l ead 
cont inue to be wide and v a r i e d ,  due to the d iverse  
p r o p e r t i e s  of the metal  ( H i l b u r n ,  1970; Waldron & Stofen,  
1974) .  Lead ores are mined p r i n c i p a l l y  in the United States  
of  America and the Soviet  Union, al though mining in 
A u s t r a l i a ,  Canada, Mexico,  Peru and many o ther  parts of  the 
world account f o r  a considerab le  ou tpu t .  Metal  sheets a re
used in roof ing  and as a p r o t e c t i v e  screening against  X-
rays and r a d i o a c t i v e  emissions.  The use of lead pipes ,
which was common p r a c t i c e  in the f i r s t  h a l f  of the 
tw e n t i e t h  cen tu ry ,  is now d e c l i n in g  in favour  of  copper or  
po lye thy lene  piping to convey d r in k in g  water .  Al loys of  
lead are employed as solder  f o r  metal  food co nta iners ,  
w h i l s t  lead oxides and napthanates remain components of  
many pa ints  f o r  use on the outside of  bu i ld ing s .  The
i n cor po ra t io n  of  lead pigments in pa in t  f o r  the i n t e r i o r  of  
bu i ld in gs  is d imin ishing as a r e s u l t  of  government 
l e g i s l a t i o n ,  al though much high l e a d - c on ta in in g  paint  can 
s t i l l  be observed in o lder  housing b u i l t  before the second 
world war. The use of lead arsenates as in se c t ic id es  is 
also d e c l i n in g  due to compet i t ion from organic  
i n s e c t i c i d e s .
The advent of the motor car brought about a new and 
dramat ic increase in lead usage. F i r s t l y ,  as a component of  
the l e a d -a c i d  storage b a t t e r y ,  and secondly,  as a r e s u l t  of  
the discovery of  the organolead ' a n t i - k n o c k '  a d d i t i v e  f o r  
p e t r o l ,  t e t r a e t h y l  lead (TEL) by the American i n d u s t r i a l  
chemist ,  Midgley in 1921. The in corpora t ion  of t e t r a e t h y l  
lead into  petroleum fue ls  e f f e c t i v e l y  increased the octane
r a t i n g ,  a u s e f u l  proper ty  c o n s i d e r i n g  t he  compara 
p r i m i t i v e  r e f i n i n g  technology of  t he  1920's and 1930 ' s .  In 
1923 the Ethyl  Corporat ion in the United States of Amer i ca 
commercial ised t h i s  d iscovery .  In 1940 t e t r a e t h y l  lead was 
in t roduced in to  pe t ro l  in Great B r i t a i n  wh i le  the r e la t e d  
a lk y l  lead,  t e t ramethy l  lead (TML) has been employed since  
1960. The modern in t e r n a l  combustion engine also employs 
lead solders and bearings in i t s  c o n s t ru c t i o n .  The storage  
b a t t e r y  and the lead a lk y l  manufactur ing in du s t r i es  
represent  a large propor t ion  of the lead consumers at the  
present  t ime (Waldron & S to fen ,  1974; R a t c i i f f e ,  1981) .  
C u r r e n t l y ,  l e g i s l a t i o n  is emerging in severa l  countr i es  to 
e i t h e r  reduce the level  of  lead permissable in petroleum or 
remove i t  a l t o g e t h e r .
The d ive rse  p ro per t i es  of  l ead,  namely i t s  comparat ive  
ease of  e x t r a c t i o n  from i t s  ores ,  so f tness ,  m a l l e a b i l i t y ,  
d e n s i t y ,  res is tance to co r ro s i on ,  and chemical and 
e l e c t r i c a l  r e s is ta n ce ,  w i l l  no doubt r e s u l t  in a continued  
use of the metal  long in to  the f u t u r e .
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1.2 Sources of lead exposure
1.2 .1  Food
I t  is g e n e r a l l y  accepted th a t  f o r  the m a jo r i t y  of  the 
populat ion a l i menta ry  exposure is the pr imary means by 
which man is exposed to lead,  and i t  is by t h i s  route tha t  
the m a j o r i t y  of  lead is absorbed (DHSS, 1980) .  However,  
less c e r t a i n  are the routes by which the d i e t  becomes 
exposed to and contaminated wi th lead,  and the r e l a t i v e  
propor t ions  of input from a i r ,  s o i l  and water .  
Contaminat ion of food wi th lead can occur via several  
routes ( f i g u r e  1 . 1 ) .  F i r s t l y ,  from the s o i l  in which the 
plants  are grown as a r e s u l t  of  the na tu ra l  weathering of  
lead minerals  and ores .  Over and above, lead present  in the  
a i r  can lead to the contaminat ion of  s o i l .  The second route  
is by way of  the a i r  by d i r e c t  deposi t ion  onto the crops 
and p l a n t s .  The t h i r d  vector  of  lead contaminat ion of food 
r e s u l t s  from p o s i t i v e  uptake from lead -c on ta in in g  water  
during cooking,  and l a s t l y ,  food becomes contaminated from 
the vessels i t  is stored in .  The use of old pewter and lead 
po t te ry  glazes has long since been a problem. More 
commonly, t i n  cans can contain a considerable  quant i t y  of  
lead so lder  in t h e i r  co ns t ru c t i on .
Plants are capable of absorbing so luble  lead through 
t h e i r  roots and studies have demonstrated a r e l a t i o n s h i p  
between the lead content  of p lant  roots and th a t  of so i l  
(MAFF, 1 975 ) .  Trans 1ocat ion from the roots to the shoots 
and leaves is however very l i m i t e d  and hence the root  
regions e x h i b i t  a much higher  lead concent rat ion  than the 
a e r i a l  regions of the p lant  (Motto et  aj[_, 1970) .  The nature
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Figure 1.1 Major vectors f o r  lead uptake by man. 
Schematic representa t ion  of  the major routes by which 
man is exposed to lead in the environment.
o f  t he s o i l  de t e r m i ne s  t o  some e x t e n t  t he  degree of l ead 
uptake.  A c i d i c  s o i l s  and those conta in ing a low humus 
content  favour  lead uptake by plants (McLean, Hal s t ead  & 
Finn,  1959; Zimdahi & Skogerboe,  1979) since organic mat te r  
can bind the lead render ing i t  not b i o a v a i l  ab le .  S o i l  l ead 
content  va r ies  wi th so i l  depth,  wi th higher  concentrat ions  
being found in the upper l a y e r s  (Hea l y  & As lam, 1980) and 
thus poses more of a problem f o r  those p lants  with shal low 
ro o t s .  in a d d i t i o n ,  the q u a n t i t y  va r ies  wi th dis tance from 
the roads ide ,  and t h e r e f o r e  from motor exhaust fumes; the 
clo-ser to the road,  the g r e a t e r  the lead leve l  (Warren,  
1959; Healy & As lam, 1980 ) .  Surface s o i l s  in regions close  
to  roads and large c i t i e s  e x h i b i t  ra ised lead l evels  (NAS,
1972) .  Areas of mining a c t i v i t y  also have been shown to be 
associated wi th ra ised l e v e ls  of lead in the plants  
(Al loway & Davies,  1971) .  A less common source of lead in 
crops today ,  but one which can s t i l l  be a problem, is the  
use of lead arsenate crop sprays.
Airborne lead is an important  source of lead found in 
the a e r i a l  parts of  crops (MAFF, 1975) which is only of  
importance in r e l a t i o n  to those plants whose leaves and 
shoots are eaten.  In t h i s  c o n t e x t ,  the outer  leaves of  
c e r t a i n  crops,  f o r  example cabbage, w i l l  be more 
contaminated with lead than those nearer  the he ar t .  In 
c o n t r a s t ,  wi th crops whose leaves permit  a f r e e  c i r c u l a t i o n  
of a i r ,  such as l e t t u c e ,  spinach and b r o c o l l i ,  there  w i l l  
be l i t t l e  b e n e f i t  in d iscard ing  the outermost leaves.  A 
considerab le  body of  evidence ex is ts  to suggest th a t  even 
crops grown in farmland or mountain regions d i s t a n t  from
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ma i n r oads  and i n d u s t r i a l  sources  are contaminated w i t h  lead 
to a considerab le  degree (Hi rao & Pa t te rs on ,  1974; T j e l l  e t  
a 1 , 1 979 ) .  Although government cont rol  is in ex is tence to
l i m i t  the lead content  of commercia l ly  produced crops,  many 
such items are produced by the consumer on his own land and 
thus are under no such c o n t r o l s .  In a d d i t i o n ,  f r u i t  growing 
along the roadside ,  commonly picked f o r  jam making, o f ten  
may conta in  a considerab le  q u a n t i t y  of  lead which w i l l  
g r e a t l y  increase in concent ra t ion  during jam pr epara t ion .
Although the lead content  of  crops can be reduced to a 
vary ing degree by thorough washing of  the items before  
cooking,  the ac tua l  process of cooking can s i g n i f i c a n t l y  
i ncrease the lead content  of  food items (Moore ejt a 1 , 
1979b).  The cooking process w i l l  denature the p rote in  
making a v a i l a b l e  l igands s u i t a b l e  f o r  binding of lead to 
su lp h yd r y l ,  c y s t e in e ,  methionine,  carboxyl  or imidazole  
m oi e t ie s .  By a s i m i l a r  process the lead concentrat ion of  
beverages such as tea and co f fee  diminishes during  
prepara t ion  since in these cases tea leaves and co f fee  
grounds bind s i g n i f i c a n t  q u a n t i t i e s  of lead from the water  
thus lowering the lead concent rat ion  of the beverage. I t  is 
of course ev ident  t h a t  the importance of water  as a vector  
f o r  the lead content  of  food w i l l  depend on the level  of  
the metal  in the domestic water  supply.  I t  has been 
ca lc u la te d  th a t  the propor t ion  of lead in food which would 
have come from water w i l l  be about 15% when the water  
conta ins in excess of 0.5^M ( 1 0 0 ^ g / l ) ,  whereas i t  would
only be around 3% i f  the concent rat ion  were O.IjjM (20 j jg / l )
-  (DHSS,1980) .
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Considerable contaminat ion of canned food can occur  
e s p e c i a l l y  where the food i s  ac id ic  in na ture .  Lead i s 
s t i l l  employed as solder  f o r  t i n  cans,  and in a d d i t i o n ,  the  
t i n  p l a t e  employed also conta ins a l im i t e d  qu ant i t y  of lead 
al though less than 0.08%. L e g is la t i o n  maintains the  
q u a n t i t y  of  lead in canned food to a l eve l  not exceeding 
2mg/kg; the e q u iv a l en t  value f o r  f resh food being Img/kg.  
Today however,  the use of lead soldered cans is dec l i n i ng  
in f avour  of welded cans. Various c a l c u l a t i o n s  e x i s t  as to 
the c o n t r i b u t i o n  of lead in canned food to t o t a l  lead 
exposure (MAFF, 1983) but enormous in d iv id u a l  v a r i a t i o n  in 
t h i s  f i g u r e  obviously  e x i s t s .  The f i g u r e  is ge ner a l l y  
around 15% but may wel l  be as high as 60% i f  the d i e t  
conta ins a s i g n i f i c a n t  q u a n t i t y  of  canned i tems.  Present ly  
lead is not employed in cans to be used f o r  in fa n t  foods.  
L e g is la t i o n  dat ing from1979 rec|^u;r<is the lead content  of  
such food to less than 0.2mg/kg.
I t  must be remembered t h a t  despi te  the presence of lead 
in the s o i l ,  crops and f o ra ge ,  and i t s  incorpora t ion  into  
mans' food cha in ,  e i t h e r  d i r e c t l y ,  or by way of  grazing  
c a t t l e  and sheep, only a propor t ion of the lead taken up at  
each step in the chain is b i o a v a i l  ab le .  F i r s t l y ,  
atmospheric lead w i l l  s e t t l e  d i r e c t l y  only on the a e r i a l  
parts of p lants and so is important  only in r e l a t i o n  to 
foods where the leaves and shoots are eaten .  Secondly,  only  
a propor t ion of  lead in the s o i l  is a v a i l a b l e  fo r  uptake 
depending on fa c t o rs  such as the depth of  the roots and 
type of  s o i l .  Of the lead absorbed by p l a n t s ,  only a small  
propor t ion is a v a i l a b l e  to graz ing animals,  and indeed.
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animaonly a f r a c t i o n  of that  consumed by thi 
absorbed. F i n a l l y ,  o f  the l ead which does pass i n t o  the 
body of the an imal ,  the g rea t  m a j o r i t y  w i l l  be s t o r ed  In 
the sk e le ton .
Despi te the p o t e n t i a l  f o r  s i g n i f i c a n t  contaminat ion of  
fo o d s tu f fs  wi th l ead,  the average lead in take in the United  
Kingdom is wel l  w i t h in  the recommended l i m i t s  set out by 
the FAO/WHO j o i n t  committee on food ad d i t i ve s  of 3mg lead 
per week which is eq u i v a l en t  to 430j jg/day.  In a survey 
c a r r i e d  out in t h is  country ,  the average d i e t  contained  
0 . 4“3jjmo 1/kg (MAFF,1 975 ) which was eq u i v a l en t  to an average 
weekly in take  of  Img. Dup l ica te  d i e t  techniques ca lcu la ted  
the lead in take  to range between 21-330 ^g /day  with a mean 
of 75 yjg /day.  This was comparable wi th t o t a l  d i e t  studies  
which showed the d ie ts  to contain 55-366 yjg/day with a mean 
of 113j jg/day.  Regulat ion is in fo rce  to l i m i t  the qu ant i t y  
of lead in food.  The lead in food regu la t i ons  of 1979 
r e s t r i c t s  the amount to a maximum of Ippm in fresh foods 
and 0.2ppm in food intended f o r  i n f a n t  consumption.
1 . 2 . 2  Water
In areas where l imestone and galena ores are found,  
natur a l  waters may contain lead in s o lu t io n .  Addi t iona l  
lead may be added to d r ink ing water  as i t  f lows from the  
bulk supply which r a r e l y  contains s i g n i f i c a n t  q u a n t i t i e s  of  
lead.  I t  has long been recognised t h a t  domestic dr ink ing  
water  suppl ies can be appreciably  contaminated with lead 
and so represent  a s i g n i f i c a n t  source of  the meta l .  
Numerous studies have unequivocal ly  shown th a t  s o f t ,  ac id ic  
water suppl ied to o lder  housing which have lead plumbing
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systems, not only in the form of lead p ip ing  and le a d - l in e d  
storage tanks ,  bue also where excess  r i u x  nas been empl oyee 
as so lder  f o r  copper p ip in g ,  w i l l  r e s u l t  in s i g n i f i c a n t  
d i s s o l u t i o n  of lead and t h e r e f o r e  to increased bodi ly  
uptake by the inh ab i ta n ts  (Bacon et  aj_, 1 957; Bea t t i e  et  
a 1 , 1 972a; C ov e i l ,  1975 ).  The s ig n i f i c a n c e  of th is  was
suggested over a century ago by Professor  Chr is t !son in 
1844 and has re c e n t l y  been emphasised by the ' Lawther  
r e p o r t '  (DHSS, 1980) .  Housing b u i l t  before the 1960's tends 
to conta in  lead piping to vary ing degrees and i t  is th is  
o l be r  housing which has been associated wi th an increased  
domestic water  lead content  ( B e a t t i e  e;t aj_, 1972b; Addis & 
Moore, 1974; Moore, 1 977; Moore e;t aj_, 1978) .  Indeed the  
lead content  of  the water  is r e l a t e d  to the length of lead 
plumbing employed (B e a t t i e  ^  1972b) .  Markedly ra ised
blood lead l ev e l s  have been found in subjects  consuming 
water  wi th a high lead content .  I n i t i a l  s tudies assumed a 
l i n e a r  r e l a t i o n s h i p  between water  lead and blood lead 
concent rat ions  (Addis & Moore, 1974) .  Subsequent studies  
have demonstrated th a t  blood lead concent rat ion  is a 
fu nc t ion  of  the cube root  of  water  lead concentrat ion  
(Moore ^  1977a; 1979a; 1981a/b;  Moore, 1978; Thomas et
a 1 , 1979; DHSS, 1980; Lacey et  1985 ) .  A raised leve l  of
lead in the domestic water supply has also been shown to be 
associated wi th a reduct ion in the a c t i v i t y  of 5-amino 
l a e v u l i n i c  acid dehydrase (ALA D) ,  a b i o l o g i c a l  i n d ic a to r  
of lead exposure (B e a t t i e  ejL aj_, 1 972b; Addis & Moore,  
1974) and a ra ised molar tooth lead content  (Moore eit £l_, 
1978a) .  Stewart  (1974)  also observed an increased tooth
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lead l eve l  in in hab i tan ts  of o lder  houses with lead 
plumbing.  Replacement of lead piping can re s u l t  in a 
dramat ic  reduct ion in blood lead l ev e l s  (Thomas £ t  a 1,
1979) .
The degree of  piumbosolvency is r e l a t e d  to the water pH 
and hardness or calcium concent rat ion  (Weston, 1920; Moore,
1973) .  Although a s o f t ,  ac id i c  water  supply is more 
p1umboso1 v e n t , hard water w i l l  also d isso lve  lead (DOE,
1977) .  However hard water  does p r o t ec t  against  lead 
d i s s o l u t i o n  by forming a p r o t e c t i v e  l ay er  of calcium sa l ts  
over the pipe i n t e r i o r  surface (Crawford & Mor r is ,  1967) .  
Plumbosolvency can be markedly decreased e i t h e r  by a 
r a i s i n g  of  the pH or hardness (Moore,  1973) ,  by f o r  example 
a d d i t i on  of calcium hydroxide as l ime.  Data obtained by 
Thomas and his col leagues (Thomas £ t  1981) suggests
t h a t  the a v a i l a b i l i t y  of lead in hard water  areas may be 
considerab ly  less than in so f t  water  regions .  Thus the lead 
content  of  the domestic water supply is determined by the 
q u a n t i t y  of lead present  in the supply,  the chemical  
c h a r a c t e r i s t i c s  of the supply,  and the residence time of  
the water  in the conveyancing system. F i r s t  f lush water  
contains s i g n i f i c a n t l y  g r ea te r  q u a n t i t i e s  of lead than 
running water  (Moore ejt £j_, 1 979a; Thomas £ t  £j_, 1979 ) .  A
reduct ion in the blood lead concent rat ion  in a matched 
group of the populat ion between 1976 and 1980 has been 
a t t r i b u t e d  to a f a l l  in water plumbosolvency (Moore et  a l ,  
1 9 8 i a / b ) .  There have been a number of cases of lead 
poisoning r e s u l t i n g  from the inges t ion  of lead contaminated 
water  in recent  years (Bacon e t  aj_, 1967; Bea t t i e  et  a l ,
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1972a) .  In a d d i t i o n ,  the lead content  of  water  has been 
r e l a t e d  to var ious disease s ta tes  ( G o l d b e r g ,  1974:  Moore,
1977) e s p e c i a l l y  mental  r e t a r d a t i o n  ( B e a t t i e  £ t  1975b),  
kidney pa tho log ies  (Campbell  ejt 1 977a) ,  increased  
incidence of  renal  i n s u f f i c i e n c y  and gout (Campbell  e_t £l_,
1978) and card iac  e f f e c t s  (Moore e;t £j_, 1 975; Beevers e^
a 1 , 1 976 ) .  Perhaps the most vu lnerable  members of the
popu la t ion wi th respect  to lead in water are babies and 
young ch i l d r e n  who are re ce iv i ng  d r ied  mi lk foods 
r e c o n s t i t u t e d  wi th tap water  which may conta in a high l eve l  
of ' l e a d .  Breast fed young w i l l  be protected from th is  
source of lead to some ex ten t  as maternal  mi lk  contains  
only 10% of  the lead concent rat ion  of the maternal  blood 
(Moore £ t  aj[, 1982 ) .  Indeed,  breast  fed in fan ts  have been 
shown to rece ive  less lead in the d i e t  than those fed on
b o t t l e  mi lk  (DOE, 1982; Sherlock et  aj_, 1982) .
F i n a l l y  i t  must be remembered t h a t  exposure to lead from
water  comes not only as a consequence of dr ink ing the
water ,  but a l s o ,  as was discussed e a r l i e r ,  from the use of  
such water  in food p re p ar a t io n .
1 . 2 . 3  A i r
The t h i r d  major source of lead exposure f o r  the general  
populat ion is a i r .  Lead in the environment,  which has 
d r a m a t i c a l l y  increased since ancient  t imes (Pa t te rson ,  
1983) ,  can be der ived from geologica l  sources or in d iv id ua l  
emissions such as smel t ing and r e f i n i n g  (NAS, 1980; Nraigu,  
1980) .  However, i t  is g e n er a l l y  agreed t h a t  the m a jo r i t y  of  
a i r  lead today is der ived from the combustion of petroleum,  
with probably as much as 90% o r i g i n a t i n g  from th is  source
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(NAS, 1972; Ewing & Pearson, 1974; Nra igu,  1979; OHSS,
1980) .  As a r e s u l t  of publ ic  i n t e r e s t  in lead emit ted from
petroleum a weal th of data is a v a i l a b l e  concerning the 
i n f l ue nce  of a i r  lead to body lead burden (Chamberlain,  
1985) .
Downwind p o l l u t i o n  from loca l  i n d u s t r i a l  sources
al though not the main source of a i r  lead,  can create
important  'hot  spots'  of  concern extending over a
cons iderab le  area .  Several  regions have been i d e n t i f i e d  
where excessive exposure of the local  community ex is t s  
(Lansdown ejt 1974; Landrigan e^ £]_, 1975a) .  These
sources of lead create  th re e  types of  lead p a r t i c l e .  
F i r s t l y ,  m i c r o p a r t i c u l a t e  lead aerosols wi th a l i f e t i m e  of  
around 7 .3  days and which can thus t r a v e l  great  distances  
from t h e i r  source.  Secondly,  r e l a t i v e l y  large p a r t i c l e s  
t y p i c a l l y  produced by i n d u s t r i a l  sources (Roberts et  a 1 ,
1974) which tend to sediment out r a p i d l y  along with
weathered p a in t  as dust (S ta rk  et  £j_, 1982 ) .  The l as t  group 
comprises the lead a lk y l  vapours a r is i n g  from petroleum.  
The chemical  and physical  form of  the lead var ies widely  
according to the source,  th a t  emi t ted from petroleum
varying considerably  in s ize  from 0.01|jm up to several  
m i l l i m e t r e s  ( H i r s c h l e r  & G i l b e r t ,  1964) with the vast  
m aj o r i t y  being less than O.l^m ( F a c c h e t t i ,  1979) ,  and thus 
r e a d i l y  absorbed by r e s p i r a t i o n  (Morrow et  £j_, 1980) .
I t  is not su rpr is ing  consider ing the foregoing  
discussion,  t h a t  the highest  l ev e l s  of a i r  lead are found 
in the urban environment,  t h i s  being a func t ion  of t r a f f i c  
densi ty  and f low (DHSS, 1980; NAS, 1980) .  The level  of lead
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in the blood has also been shown to be h i g h e r  jn t he 
res iden ts  of an urban community compared t o  those peop l e
l i v i n g  in regions of l esser  t r a f f i c  f low (Johnston,  T i l l e r y  
& Prévost ,  1975) .  There e x is t s  an abundance of evidence  
support ing the importance of petroleum combustion to a i r  
lead.  F i r s t l y ,  i t  has been demonstrated on several  
occasions t h a t  a i r  lead concent ra t ion  f a i l s  o f f  r a p id ly
with d is tance from the roadway (Daines,  Motto & Ch i l ko ,  
1970; Schuck & Locks, 1970; Smith,  1976; DHSS, 1980) ,  the  
r e l a t i o n s h i p  being observed to be c u r v i l i n e a r  (DHSS, 1980) .  
In - a d d i t i o n ,  so i l  lead content  has long been shown to be 
r e l a t e d  to the d istance from the roadway (Smith,  1976;  
Healy & Aslam, 1980) .  Daines et  ^  (1970)  have observed a 
reduct ion  in the p a r t i c l e  s i ze  of  lead as one moves away
from the roadside ,  in d i c a t i n g  a s e t t l i n g  out of l a r g e r
p a r t i c l e s  close to the road.  I n d i r e c t  evidence ex is ts  from 
a study c a r r i e d  out in the v i c i n i t y  of  Gravely H i l l  
Motorway Interchange at  Birmingham which is commonly known 
as Spaget t i  Junct ion (Waldron,  1975) .  This study 
demonstrated a s i g n i f i c a n t  increase in blood lead l ev e ls  
in the community during the f i r s t  twenty months a f t e r  the 
network was opened compared to the time p r i o r  to i t s  
open i ng.
In gene ra l ,  consider ing t h a t  the d i s s ip a t i o n  and 
p r e c i p i t a t i o n  of an emi t ted lead aerosol  is dependent on 
p a r t i c l e  s ize  and meteoro log ica l  f a c t o r s ,  approximately  
h a l f  the lead emit ted is removed by g r a v i t y  w i th in  a few
hundred f e e t  of  a roadway (Daines e t  _al_, 1970 ) .  With regard 
to petroleum lead emission,  several  other  f a c t o rs  over and
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above t h e  roadway, d e t e r m i n e  t h e  l ead c o n t e n t  o f  the a i r .  
Such f a c t o r s  i n c l u d e  t h e  vo l ume of t r a f f i c  ( Da i n e s  et  a 1 , 
1970) ,  p r e v a i l i n g  winds (Daines £ t  1970; Schuck &
Lock, 1970; Smith,  1971) ,  season of  the year  , wi th autumn 
e x h i b i t i n g  the g r e a te s t  l eve l  (Chow & E a r l ,  1970; Daines £ t  
a 1 , 1 970 ) ,  and d iu rna l  rhythm where a peak occurs in the
e a r l y  morning and la t e  af ternoon co inc id ing  wi th the t imes  
of g r e a t e s t  t r a f f i c  f low.
In Germany where there  has r e c e n t l y  been a reduct ion in 
the lead content  of  p e t r o l  from 0 .4  to 0 . 1 5 g / l ,  a 
concurrent  reduct ion in kerbside a i r  lead and blood lead 
concentra t ion  of  the in hab i ta n t s  of  F r an k f u r t  has been 
observed (S inn,  1980; 1981) .  There was a much smal ler
reduct ion in a i r  lead in areas more d i s t a n t  from the roads.  
Although a reduct ion in blood lead concent rat ions has been 
demonstrated in populat ions in the United States of America 
where there  has been a f a l l  in lead in petroleum ( B i l l i c k ,  
Curran & Sh ie rs ,  1979; 1980; Annest ,  1983; B i l l i c k ,  1983) ,  
there  has been a s i m i l a r  f a l l  in blood lead l eve ls  in t h i s  
country wi th no a l t e r a t i o n  to pe t r o l  (Oxley ,  1982) .  
I n t e r e s t i n g  data emerges from a study c a r r i e d  out in Tu r in ,  
I t a l y  during the 1970's and e a r ly  1980's .  This experiment  
involved the l a b e l l i n g  of petroleum on a regional  sc a le ,  
the lead isotope composit ion (206 /207 )  being s u f f i c i e n t l y  
d i f f e r e n t  from local  na tu ra l  sources to a l low  
d i f f e r e n t i a t i o n .  Lead from the Broken H i l l  mine in 
A u s t r a l i a  wi th an isotope r a t i o  of 1.04 was subs t i tu ted  f o r  
t h a t  found l o c a l l y  which was of r a t i o  1 .18 .  The re s u l t s  
i nd ica ted  th a t  as much as 95% of a i r  lead at  the kerbside
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but not n e c e s s a r i l y  elsewhere is der ived from petroleum
( F a c c e t t i ,  1979; F a cc e t t i  1982) .
Although there  e x is ts  i n d u s t r i a l  emissions and
ubiqu i tous a i r  emissions,  few people are exposed to long
3
term a i r  concent ra t ions  in excess of  1|jg/m . Even a
congested B r i t i s h  s t r e e t  t y p i c a l l y  e x h i b i t s  an a i r  lead
3
co ncent ra t ion  less than 24 nmoles/m (Lawther 1973)
and the l e v e ls  have been demonstrated to be much less
in s ide  than ou ts ide  bu i ld ings (Daines e;t aj[_, 1972 ).
However, severa l  local  ' h o t - s p o t s '  have been recognised.
Examples of such i n d u s t r i a l  a c t i v i t y  are demol i t ion work,
metal  recovery in scrap yards,  and the burning of old lead-
acid b a t t e r y  cases.  Lead contaminat ion has been
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demonstrated over an area of  5 km in El -Paso,  Texas, with  
so i l  being po l lu te d  up to a d istance  of  10km from the 
source (Landrigan ^  1975a) .  Fol lowing engineer ing work
to reduce the lead emi t ted from t h i s  p l a n t ,  there was a 
s i g n i f i c a n t  reduct ion in the blood lead concentrat ion of a 
c h i l d  l i v i n g  in the area (Morse e t  1979).  S im i l a r
problems have been documented in Toronto,  Canada (Roberts  
et  a 1 , 1974; Yankel , Von Lindern & Wal te r ,  1977) .  The
ch i ld r en  of workers f rom these p lants experienced increased  
lead exposure via t h e i r  p a re n t ' s  c lo th ing  becoming 
contaminated (Baker e_t 1 975; Rice e_t 1978).  Local
sources of ten create  the g r ea te s t  problem where ch i ldren
are concerned (Duggan & W i l l i ams ,  1977; Duggan, 1982;
Russel1-Jones & Stephens, 1982) ,  as they tend to e x h i b i t  a 
l o t  of hand to mouth a c t i v i t y .  In t h i s  respect  both dust  
and so i l  lead are re la t e d  to blood lead l eve ls  in ch i ldren
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( B a r i t rop  a^, 1975; Yankel e^ aj^ 1977; Schmitt  e^ a l ,
1979; W a l te r ,  Yankel & Von L indern,  1980; Stark e^ a l ,  
1982) .  A ra ised blood lead concent ra t ion  has also been 
associated wi th an increased lead content  on the hands 
(Roels 1980; Charney, Sayre & C ou l t e r ,  1980 ) and
such hand lead content  can a t t a i n  s i g n i f i c a n t  l eve ls  
e s p e c i a l l y  in urban ch i ld re n  ( V o s t i a l ,  Taves & Sayre,  1974; 
Roels e;t £l_, 1980 ) .  I t  must also be remembered, as
discussed in the previous se c t io n ,  t h a t  there  is an i n t e r ­
r e l a t i o n s h i p  between lead in a i r  and in food.  
Sedimentat ion from the atmosphere r e s u l t s  in lead 
contaminat ion of  vegetat ion e i t h e r  d i r e c t l y  or via s o i l .  
Although the g r e a te s t  danger of  exposure to lead from the 
a i r  occurs in i n d u s t r i a l i s e d  or urban reg ions ,  more remote 
areas w i l l  a lso e x h i b i t  a e r i a l  lead.  Although s t i l l  a 
problem, the danger from p e t r o l  is on the wane. P resent ly  
the l ev e l  of  lead in t h i s  fu e l  is being reduced in several  
count r ies  - U.S.A.  (Annest ,  1983) ,  Japan (Ohi ^  £l_, 1981) 
and Europe (Sinn,  1981; DOE, 1983) but i t  s t i l l  remains a 
major source in B r i t a i n .
1 . 2 . 4  Advent i t ious  sources
Although the vast m a jo r i t y  of  the populat ion der ive  
t h e i r  body lead burden from the food and water  which they  
i n ge s t ,  and the a i r  in the environment,  p a r t i c u l a r  f a m i l i e s  
or i n d iv id u a ls  may be exposed to sources of  lead p e c u l i a r  
to a local  environment or a s p e c i f i c  product .  There are 
several  recognised sources (DHSS, 1980) which are almost  
i n v a r i a b l y  encountered by inges t io n .
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1 . 2 . 4 . 1  Pa int
Lead compounds have long been used In the manufacture o f  
p a i n t s ,  i n i t i a l l y  as one of the major in g r e d ie n ts ,  and 
subsequent ly as pigments using red and whi te lead,  or 
a l t e r n a t i v e l y  lead napthanate and oc toate  which are used as 
d r i e r s  f o r  o i l - b a s e d  p a in t s .  Chi ldren l i v i n g  in o lder  
proper ty  wi th f l a k i n g  pa int  are e s p e c i a l l y  vu lnerab le ,  
p a r t i c u l a r l y  i f  they are given to the hab i t  of ' p ica '
( B a r l t r o p ,  1968) ,  which is g e n e r a l l y  def ined as a craving  
f o r  unnatural  a r t i c l e s  of food (Ruddock, 1924; DHSS, 1980) ,  
As a r e s u l t  of  l e g i s l a t i o n ,  t h i s  hazard is g r e a t l y  reduced
today.  In accordance wi th an EEC d i r e c t i v e  a l l  paints
conta in ing  in excess of 0.5% lead must be ap pr op r ia te l y  
l a b e l l e d .  In a d d i t i o n ,  a s t r i n g e n t  l eve l  of less than 0.25% 
has been set  f o r  pa ints  employed on toys ,  whi le  not g rea te r  
than 0.025% is permiss ib le  in p a in t  intended f o r  use on 
p e n c i l s ,  brushes,  pens and other  such items (DHSS, 1980) .  
Chi ldren remain however, subject  to exposure to leaded
pa ints  on e x t e r i o r  surfaces where leaded pa int  is ge nera l l y  
employed because of i t s  r epu ta t ion  f o r  g iv ing  g rea te r  
p r o t ec t i on  aga inst  weather ing.  Often old pa in t  conta ining  
lead is not complete ly  removed before the surface is 
r epa in t ed .  Merely re pa in t i ng  over leaded pa int  is not 
adequate as ch i ld re n  f r e q u e n t l y  indulge in chewing 
a r t i c l e s .  I t  has been est imated t h a t  a s ingle  f l a k e  of  
pa int  of  around 2-3mm in diameter  can conta in Img of lead 
and inges t ion  of such p a in t  is common in c h i l d r e n ,  
accounting f o r  one t h i r d  of  a l l  cases of severe chi ldhood 
lead poisoning in B r i t a i n  ( B a r l t r o p ,  Burman & Tucker,
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1976) .  However, data r e l a t i n g  Lo ra ts  suggests tne  
b i o a v a i l a b i l i t y  of such lead is low (Gage & L i t c h f i e l d ,
1969) .  In the ad u l t  po pu la t io n ,  there  e x is t s  i n d u s t r i a l
hazards r e l a t i n g  to p a in t .  Ox y -ace ty1ene burning of s tee l  
s t ru c t u re s  coated wi th many layers of l ead-  conta ining  
pa int  ( T a y l o r ,  Molyneux & Blackadder ,  1974; Campbell &
Bai rd ,  1 977 ) has been shovin to r e s u l t  in lead poisoning in
some cases.  A d d i t i o n a l l y ,  the c l i n i c a l  e n t i t y  of lead 
poisoning in a r t i s t s  of ten known as ' p a i n t e r ' s  c o l i c *  has 
been recognised fo r  many years .  Although the a r t i s t s  pa in t  
' le'ad w h i t e ' ,  which contains basic lead carbonate has been 
l a r g e l y  superseded by t i t a n i u m  w h i te ,  the re  are s t i l l  cases 
of lead poisoning from t h is  source (Graham, Maxton & Twort ,
1981 ) .
1 . 2 . 4 . 2  Cosmetics and h a i r  products
Many eye cosmetics from the Indian sub-cont inent  contain  
lead and are f r eq ue n t ly  used on the eyes of  not only  
a d u l t s ,  but also ch i ldren  and i n f a n t s .  These p r epara t ions ,  
termed the ' k ho i s '  or ' surmas' ,  were p rev ious ly  formulated  
from antimony sulphide but due to economic fa c t o rs  are now 
prepared from lead sulphides.  Many grey and black surmas 
may conta in  up to 83% lead (Aslam, Davis & Healy,  1 979 ).  
The Asian communities of B r i t a i n  are p a r t i c u l a r l y  at  r i s k .  
Although the product ion of such preparat ions  is i l l e g a l  in 
t h i s  country (EEC, 1976) ,  the r e l a t i v e s  of Asian f a m i l i e s  
cont inue to br ing the products in to the country ( P e a r l ,
1977) .
In a d d i t i on  to cosmetics,  some h a i r  darkening products 
contain lead aceta te  in concentrat ions  ranging from 0 . 2 6 -
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3.13% (DHSS, 1980) .  On contact  wi tn b i o l o g i c a l  m a t e r i a l s ,  
dark grey to black inso lub le  l ead -su lphur  compounds form 
with the sulphur  conta in ing  residues on amino acids of ha i r  
k e r a t i n .  Such h a i r  products must, by law, contain no more
than 3% lead and must be l a b e l l e d  wi th an appropr ia te
warning to buyers concerning t h e i r  misuse.
The p o t e n t i a l  e x is ts  wi th these cosmetics and ha i r  dyes,  
fo r  t h e i r  absorpt ion both o r a l l y  and by the percutaneous 
routes .  However, Moore ^  £j_ (1980b)  have demonstrated tha t  
only around 3% of an appl ied dose is absorbed through the 
sk in.  The FDA (1980)  however,  noted t h a t  the preparat ions  
should not be used on broken skin and t h a t  they should be
kept out of  reach of c h i ld re n  who are in danger of oral
exposure.  Within Asian and Indian communit ies,  several  
cases of  lead poisoning have been reported ( P e a r l ,  1977; 
Al l  e t  £j_, 1978; Waldron, 1979b) and i t  has been observed
t h a t  immigrant ch i ld re n  who use surma have s i g n i f i c a n t l y  
higher  blood lead l eve ls  than c h i ld re n  who do not (Josephs,  
1977; Al i ejt 1978; As lam et  1980) ,  and indeed
i n d i v id u a ls  of  Asian e x t r a c t i o n  have ra ised blood lead 
concent rat ions  over others (Waldron 1979a) .  This problem 
would appear to be a common one throughout  the Moslem world 
(Fernando ^  £j_, 1981) .
1 . 2 . 4 . 3  Uni icenced medicines
Lead was f i r s t  introduced in to  the Western 
Pharmacopoea in the 15th century A.D. by Paraceleus (Singer  
& Underwood, 1962) who employed lead and opium p i l l s  to 
t r e a t  d iar rhoea  but in doing so produced several  cases of  
lead poisoning.  Recent ly ,  in Glasgow, an outbreak of lead
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poisoning r e s u l t e d  from the in 
prepara t ions  by a group of drug addicts  ( B e a t t i e  et  a l ,
1975) .  Fo r t u n a te ly  such p repara t ions  are no longer included  
in the B r i t i s h  Pharmacopoea (Singer  & Underwood, 1962) .  
However, several  a l t e r n a t i v e  medicines s t i l l  contain lead 
to vary ing degrees.  Typical  of these are the aphrodisiacs  
and o ther  p repara t ions  from India  (B re ar ly  & Forsyth,  1978; 
Aslam ^  1979) ,  and Chinese herbal  medicines.
1 . 2 . 4 . 4  Domestic u t e n s i 1s
Domestic u t e n s i l s  and vessels used f o r  the preparat ion  
o f '  foods and beverages can, under c e r t a i n  ci rcumstances,  
re lease su b s t a n t ia l  amounts of  lead.  Pot tery  with glazes  
im p er fe c t l y  produced,  are a p a r t i c u l a r  hazard when coated 
on vessels employed f o r  the storage of a c id ic  f l u i d s  such 
as ferment ing and s to r ing  beers ,  c iders  and wines,  or 
storage of  v in egars ,  f r u i t s ,  f r u i t  j u i c e s ,  p ickles and 
p r e s e r v a t iv e s .  A s i m i l a r  s i t u a t i o n  a r ises  wi th t r a d i t i o n a l  
pewter mugs commonly employed f o r  beer ,  al though modern 
pewter does not represent  a hazard.  This problem with  
glazed surfaces is qu i te  common and lead poisoning from the  
use of such i t e #s  can occur (K le in  et  a 1, 1 970; Hughes,
Horan & Powles,  1976) .  Other domestic u t e n s i l s  have also  
been found to be a source of l ead,  f o r  example k e t t l e s  
(Wigle & Char lebois ,  1978) .
1 . 2 . 4 . 5  A d u l te r a t io n  of fo o ds tu f f s
This problem has been wi th us since a n t i q u i t y  as 
discussed e a r l i e r ,  and occasional  problems s t i l l  occur  
today.  Power et  aj_ (1961)  reported an outbreak of  lead 
poisoning due to the use of lead chromate to improve the
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appearance of tumer ic .  Also,  c e r t a i n  preparat ions  of  
calcium supplement der ived f r om bone, have been a s s o c i a t e d  
with lead poisoning (Crosby,  1977) .  Older type m i l l s  have 
been noted to contain lead f i l l i n g s  which can contaminate  
the f l o u r  (Eisenberg et  £j_, 1984) ,
1 . 2 . 4 . 6  P r in t in g  inks
The lead content  of  newspaper may be as high as 3.6mg/g 
e s p e c i a l l y  on pages wi th mu l t i co loured  p r i n t .  In add i t ion  
several  p r in te d  bags and wrappers employed fo r  food conta in  
lead s a l t s  and represent  a poss ib le  hazard to ch i ld ren  who 
tend to chew paper (Hankin,  Heichel  & Botsford,  1973; 
1974a /b ) .  The burning of newsprint  in the f i r e  can also  
re lease  lead (DHSS, 1980) .
1 . 2 . 4 . 7  Alcoho1
Excessive alcohol  consumption has been associated with  
an enhanced g a s t r o - i n t e s t i n a l  lead absorpt ion which is 
caused by two fea tu res  of a lcoho l ism,  namely a metabol ic  
ac idosis  and poor n u t r i t i o n .  Over and above, c e r t a i n  
a lc o h o l i c  beverages have been known to contain excessive  
q u a n t i t i e s  of  lead.  I l l e g a l  American 'moonshine' whiskey 
of ten  contains lead,  as the s t i l l s  employed in i t s  
product ion are of ten made from lead piping or even car  
r a d ia to r s  conta ining lead so lder .  This,  in conjunct ion  
with the high acet ic  acid content  of  the s t i l l  contents ,  
r e s u l t s  in the format ion of  lead aceta te  in the d i s t i l l a t e  
(Pat terson & Jermigan,  1969) .  Although B r i t i s h  beers 
contain l i t t l e  lead (DHSS, 1980) ,  many European wines 
contain considerable  amounts of  lead (Jaulmes,  Hamel le & 
Roques 1960; WHO, 1977) .
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1 . 3 Absorpt ion o f  l ead
1.3 .1  G a s t r o - i n t e s t i n a l  absorpt ion
I t  is g e n e r a l l y  accepted th a t  uptake and re ten t ion  of  
lead from the gut is f a r  less complete than from the lungs.  
Animal s tudies have ind ica ted t h a t  a s i g n i f i c a n t  propor t ion  
of lead is absorbed in the duodenum, t ransported  through 
the l i v e r ,  before being r e - ex cr e t ed  into the g a s t r o ­
i n t e s t i n a l  t r a c t  toge ther  wi th b i l e .  In v i t r o  experiments  
also suggest th a t  j e j u n a l  absorpt ion of lead is g r ea te r  
than absorpt ion from the duodenum or colon.  An inverse  
r e l a t i o n s h i p  has been reported between p a r t i c l e  size and 
g a s t r o - i n t e s t i n a l  absorpt ion ( B a r l t r o p  & Meek, 1975) .  A 
v a r i e t y  of  studies based e i t h e r  on balance techniques or  
using both r a d io a c t iv e  and s tab le  isotope t ra c er s  have been 
devised to est imate  the percentage absorpt ion of  lead from 
the g a s t r o - i n t e s t i n a l  t r a c t ,  and a f i g u r e  of 10-20% has 
been accepted (DHSS, 1980) .  The balance experiments of  
Kehoe and his col leagues (Kehoe, 1961) est imated th a t  5-10% 
of o r a l l y  ingested lead was absorbed and r e ta in e d ,  w h i l s t  
Thompson (1971)  est imated the f i g u r e  to be 12% and
Rabinowitz et  al  in 1976, using the rare s tab le  isotope of  
204“ "
lead - Pb, obtained a value of 8.3%. However, higher
percentages such as 40% have been ca lcu la t ed  by other
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authors .  Other studies using the Pb isotope have
demonstrated a wide range in absorpt ion from 1.3-16% (Hursh
& Suomela, 1968) .  This wide v a r i a t i o n  in absorpt ion of
lead was confirmed by Blake in 1976 who observed a f i g u r e
of over 60% in one su b jec t ,  and by Moore, Hughes & Goldberg
203
(1979b) who ca lcu la ted  th a t  10.4-47.7% of Pb was
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absorbed in t h e i r  subjects .
Data r e l a t i n g  to young c h i ld r en  ind ica tes  tha t  the
propor t ion of  ingested lead absorbed is f a r  g re a te r  than in
ad u l t s .  55% of  the lead ingested has been shown to be
absorbed wi th 18% being re ta ine d  (Alexander  e_t 1 973 ).
S i m i l a r l y ,  s tudies in ra ts  have evolved a p i c tu re  of
newborn pups absorbing a g r e a t e r  percentage of lead than
adul ts  (K o s t ia i  ejt 1971; Forbes & Reina,  1972 ). The
reason f o r  t h i s  enhanced absorpt ion is un c l e ar ,  but i t  has 
been postu la ted  tha t  during m atu ra t io n ,  the gut mucosal 
cel ' ls develop the a b i l i t y  to r e j e c t  a number of mul t i  va lent  
cat ions inc lud ing lead,  s t ront ium and i r o n ,  which the
immature gut absorbs av id l y  (Forbes & Reina,  1972) .
The mechanism of g a s t r o - i n t e s t i n a l  lead absorpt ion has
not been f u l l y  e lu c id a te d ,  but i t  has been proposed to  
comprise of  two processes which is cons is ten t  with the 
i n t r a -  and e x t r a c e l l u l a r  t r a n s p o r t  routes put forward by 
B l a i r  and his col leagues ( B l a i r  e t  aj_, 1979; Hi lburn ^  aj_,
1980) .  There may be an a c t i v e  c a r r i e r  mediated t ran spo r t
process,  and in a d d i t io n ,  a passive movement of lead by 
d i f f u s i o n  across the mucosa, which,  i t  has been suggested,  
is l inked to the concurrent  movement of  water (Coleman et  
al , 1978; B l a i r  et  £j_, 1 979 ) .  Hi lburn ejt £]_ (1980 ) put
forward a model of  lead t r an sp o r t  in which the amount of
lead t ransported is governed by the i n i t i a l  t i ssue  uptake 
of uncomplexed lead ions,  which then pass ive ly  d i f f u s e  
across the ep i the l ium by the e x t r a c e l l u l a r  route.  I t  is 
possible th a t  d i f f e r e n t  methods of  t r a n s p o r t  predominate 
depending on the concentrat ion of  lead,  region of
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i n t e s t i n e ,  presence or absence of d i e t a r y  components,  
n u t r i t i o n a l  s ta tus  or indeed the species.
In a d d i t io n  to age, the g a s t r o - i n t e s t i n a l  absorpt ion of
lead is dependant on many f a c t o r s .  Where the lead ex is ts  in
the gut in a r e a d i l y  b i o a v a i l  able form,  many n u t r i t i o n a l
fa c to rs  in f lu en ce  i t s  absorpt ion (Moore,  1979) .  The mineral
content  of  the d i e t  in r e l a t i o n  to the absorpt ion of lead
has been wide ly  i n v e s t i g a t e d .  Several  animal studies have
demonstrated a decreased absorpt ion of lead as a r es u l t  of
a ra ised l eve l  of  calcium in the d i e t  (Tompsett ,  1939;
Sobel et  1940; Shields & M i t c h e l l ,  1941; Meredith et
a 1 , 1977b) and indeed support ive data has been obtained in
man (Moore ^  1978b).  A s i m i l a r  e f f e c t  is observed with
reduced d i e t a r y  phosphate (Lederer  & Bing, 1940; Shields &
M i t c h e l l ,  1941) .  The converse has also been demonstrated;
an increased absorpt ion of  lead in animals is observed
where there  is a reduced leve l  of d i e t a r y  calcium (Shields
& M i t c h e l l ,  1941; Six & Goyer, 1970; Mahaffey et  al_, 1973;
Bar l t ro p  & Khoo, 1 975; Meredi th e^ £l_, 1 977b; Barton e;t
a 1 , 1978a) .  I t  has been postu lated  by Meredith et  ^
(1977b) t h a t  only one of the processes of  lead t ranspor t  is
in f luenced by the level  of  lead in the d i e t .  This
i n t e r a c t i o n  between lead and calcium is be l ieved to be of a
compet i t i ve  nature with both e n t i t i e s  competing fo r  a
common mucosal binding protein  (Barton et  1978a).  This
theory is supported by data obtained by Lederer & Bing in
1940., who demonstrated th a t  i n t r a - p e r i t o n e a  1 ly administered
lead is not in f luenced by d i e t a r y  calcium content .  In
a d d i t i o n ,  in v i t r o  exper iments,  using r a t  duodenal t i s s u e .
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have shown an i n h i b i t o r y  e f f e c t  of lead on calcium 
t r a n s p o r t  (Gruden e^ 1974) ,  and using ever ted gut sac
prepara t ions  Hi lburn ^  a]_ (1980)  demonstrated enhanced 
lead t r a n s p o r t  into the serosal  compartment in the absence 
of  ca lc ium.  In c o n t r a s t ,  systemic calcium levels  do not  
i n f luence  lead r e t e n t io n  (Meredi th  et  1977b).  Calcium,
requi red to maintain adhesion between c e l l s  appears to play  
an e s s e n t i a l  ro le  in the maintenance of the t i g h t  junct ion  
by i n t e r a c t i n g  with anionic groups on adjacent  c e l l u l a r  
membranes. Th is ,  being the route u t i l i z e d  by ionic lead to
t ransverse  the mucosa in a s i m i l a r  manner to other  ions
(Ussing ^  1974 ) ,  may wel l  exp la in  the mode of act ion
of calcium on lead absorpt ion .  I t  has been suggested th a t  
any process which opens these jun c t io ns  w i l l  enhance lead 
absorpt ion (Coleman £ t  1978; B l a i r  et  1 979) .
I t  has been adequately demonstrated in ra ts  and mice
t h a t  the compensatory increase in i ron absorpt ion as a 
r e s u l t  of  i ron d e f ic i en cy  is accompanied by a ra ised
absorpt ion of lead (Six  & Goyer, 1972; Regan, 1977; Barton 
et  al , 1978b; Hami l ton,  1 978; Flanegan et  £j_, 1 979 ).
S i m i l a r l y ,  i ron d e f i c i e n t  human subjects absorb two to
th ree t imes more lead than normals (Watson e_t aj_, 1980) .  
Raised d i e t a r y  i ron leads to a f a l l  in lead absorpt ion  
(Conrad & Barton,  1978) .  The mode of i n t e r a c t i o n  is not 
c le a r  at  present ,  although i t  has been postulated that  lead 
and i ron share a common high molecular  weight i n t e s t i n a l  
absorpt ive  p ro t e in  in a s i m i l a r  manner to lead and calcium 
(Conrad & Barton,  1978) ,
Lead absorpt ion has been demonstrated to be enhanced in
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the presence of a decreased d i e t a r y  p rote in  content  
(Baernste in  & Grand, 1942: Six & Goyer, 1972; Bar l t rop &
Khoo, 1 975; My l ro ie  £ t  ^ , 1977) w h i l s t  a d i e t  r ich in f a t  
promotes absorp t ion .  The in f luence  of l i p i d  on lead 
absorpt ion has been associated with increased phosphol ipid  
and b i l e  f low s t i m u l a t i o n ) .  This view is supported by the 
observed reduct ion in lead absorpt ion produced by 
cannu la t ion  of  the b i l e  duct in ra ts  ( C i k r t  & Tichy,  1975) .
There would appear to be a r e l a t i o n s h i p  between lead and 
vi tamin D. Raised d i e t a r y  v i tamin D l evels  are associated  
with an increased lead absorpt ion (Sobel et  £l_, 1 940; Sobel 
& Burger,  1955; Smith et  1978) .  The metabo l i t e  ac t i v e  
in s t i m u l a t i n g  g a s t r o - i n t e s t i n a l  lead absorpt ion is 1 ,25-  
dihydroxy cho 1 eca 1 c i f e r o  1 , in cont ras t  to 25-hydroxy  
c h o l e c a l c i f e r o l  which is i n a c t i v e .
The e f f e c t  of  d i e t a r y  z inc is to reduce lead absorpt ion  
(Cerkiewski  & Forbes, 1976) al though some authors have 
demonstrated lead absorpt ion to be independent of d i e t a r y  
z inc content  (B a r l t r o p  & Khoo, 1975) .  S i m i l a r l y ,  copper and 
magnesium reduce lead absorpt ion .  The in f luence  of sulphur  
in the d i e t  on lead absorpt ion is more complex. Sulphur,  
when administered as methionine in the d i e t ,  reduces 
absorpt ion whereas absorpt ion is enhanced when cyste ine is 
suppl ied (Quarterman ^  1975) .
In essence,  an e n t i t y  which w i l l  i n t e r f e r e  with the 
i n t e s t i n a l  b a r r i e r ,  f o r  example e than o l ,  w i l l  promote lead 
absorpt ion (Mahaffey ^  al_, 1974) .  In a d d i t i o n ,  ascorbate  
and c i t r a t e  by increasing the s o l u b i l i t y  of lead,  promote 
absorpt ion .  Cer ta in drugs a l t e r i n g  g a s t r i c  funct ion w i l l .
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by reducing g a s t r i c  m o b i l i t y ,  lead to a reduced lead 
absorpt ion .  The mere presence of food in the gas t ro -  
i n t e s t i n a l  t r a c t  has been shown to cause a reduced lead 
absorpt ion (Garber & Wei, 1974; Heard & Chamberlain,  1982) .
1 . 3 .2  PuImonary absorpt ion
By comparison with the g a s t r o - i n t e s t i n a l  route of  
absorpt ion of lead,  uptake by the lungs is more complete.  
I t  has been est imated th a t  around 35-55% of  inhaled lead is 
absorbed and re ta ine d  (Kehoe e_t £]_, 1961 ; Bingham e;t a 1 ,
190; Hursh & Mercer,  1 970; Chamberlain e ; ^  aj_  ^ 1975 ) ,  
although the percentage depends on several  f a c t o r s .  
G en era l l y ,  the uptake of an inhaled p a r t i c l e  is a funct ion  
of the p a r t i c l e  s i z e ,  i t s  s o l u b i l i t y  and the ra te  of  
r e s p i r a t i o n  of the i n d i v i d u a l .  The p a r t i c l e  size w i l l  
e f f e c t  i t s  de p o s i t io n ,  and also determine the s i t e  in the  
r e s p i r a t o r y  t r a c t  at  which i t  is deposi ted.  Many studies  
have demonstrated an assoc ia t ion  between the s ize  of the 
lead p a r t i c l e  and i t s  depos i t ion  in the lung (Kehoe, 1961; 
1964; Hursh & Mercer ,  1970) .  The r e s p i r a t o r y  t r a c t  
comprises of three  f u n c t io n a l  areas.  F i r s t l y ,  the  
nasopharynx; secondly,  the t racheobronchia l  t r e e  including  
the te rmina l  bronchio les;  and l a s t l y ,  the pulmonary 
compartment which includes the r e s p i r a t o r y  bronchioles ,  
a l v e o l a r  ducts ,  a t r i a ,  a l v e o l i ,  and the a lv e o la r  sacs 
themselves.  Only a minor f r a c t i o n  of p a r t i c l e s  of less than
O.Sjjm in diameter  are re ta ined in the nasopharynx or 
t racheobronch ia l  t r e e ,  the remainder being trapped by mucus 
and c leared by c i l i a r y  act ion of  the r e s p i r a t o r y  e p i t h e l i a l  
c e l l s  before being swallowed. As much as 40% of such
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t rapped large diameter  p a r t i c l e s  may subsequent ly enter  the 
g a s t r o - i n t e s t i n a l  t r a c t  in th is  manner (Kehoe, 1961) .  
Alve o la r  c e l l s  may sequester  the lead p a r t i c l e s  or they may 
be removed via lymphatic vessels to local  lymph nodes.  
Diss o lu t io n  of  lead p a r t i c l e s  can also occur in the t i s sue  
f l u i d s ,  f o l l o w i n g  which they may pass into the blood stream 
at a ra te  p r op or t io na l  to t h e i r  s ize and s o l u b i l i t y .  In
th is  respect  many lead compounds have a g r e a t e r  s o l u b i l i t y  
in t i s su e  f l u i d s  than in water (Waldron & Stofen,  1974) .
The ra te  of c learance of lead from the lungs has been 
c a lc u la te d  by several  authors using r a d io is o to p es ,  and has 
been found to be about 6-11 hours (Jacob i ,  1964; Hursh & 
Mercer ,  1 970; Chamberlain 1 975 ) .
1 .3 .3  Percutaneous absorpt ion
The absorpt ion of lead by percutaneous routes only  
a t t a i n s  s i g n i f i c a n c e  in the case of  organic compounds of  
l ead,  f o r  example lead a lk y l s  and naphthanates (Waldron & 
Stofen ,  1974) .  The absorpt ion of  t e t r a e t h y l  lead through 
the skin was adequately demonstrated not long a f t e r  i t s  
discovery (Kehoe, 1927; Kehoe & Thamann, 1931) but evidence
is sparse concerning the percutaneous absorpt ion of
inorganic lead compounds, and a s i g n i f i c a n t  propor t ion of  
the data which is a v a i l a b le  r e la t e s  to animals whose skin 
s t ru c t u re  is qu i te  d i f f e r e n t  from t h a t  of man. Lang & Kunze 
in 1948 demonstrated raised kidney lead l eve ls  fo l l ow i ng  
the a p p l i c a t i o n  of various lead compounds - lead ac e ta te ,  
o r t h o a r s e n a t e , o l ea te  and t e t r a e t h y l  lead,  to the bare skin  
of r a t s .  However, only in the case of t e t r a e t h y l  lead did 
the magnitude of the r i s e  assume any s i g n i f i c a n c e .  In 1976,
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Rastogi & Clausen demonstrated the absorpt ion of lead 
naphthanate through ra t  sk in.  R e c e n t l y ,  i t  nas been shown 
t h a t  the percutaneous route of absorpt ion of inorganic lead 
as the a c e t a te  through human skin is i n f i n i t e s i m a l  (Moore 
et  a_i., 1980b) .
Consider ing the foregoing da ta ,  i t  is ev ident  th a t  with  
respect  to inorganic  lead,  the percutaneous route of  
a d m in is t r a t io n  can be considered n e g l i g i b l e .
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1,4 D i s t r i b u t i o n  of l e a d  w i t h i n  t body
Fol lowing tne absorpt ion of lead via tne routes  
pre v ious ly  descr ibed,  i t  is t ranspor ted  via the blood 
stream to the var ious t issues  and organs of the body. With 
regard to the d i s t r i b u t i o n  of lead,  the t o t a l  body burden 
can be d iv ide d  into three compartments ( H i l b u r n ,  1970; 
Rabinowi tz ,  W e th e r i l l  & Kopple,  1973; 1974a/b;  1976;
f i g u r e  1 . 2 ) .  F i r s t l y ,  a lead pool which is r a p id ly  
exchangeable wi th other  storage areas.  This compartment 
comprises the blood,  t i s su e  f l u i d s  and most sof t  t issues  
which r a p i d l y  exchange lead wi th the blood.  Secondly,  an 
i n te r me d ia te  ra te  of exchange pool composing of such so f t  
t issues  as skin and muscle,  and in a d d i t i o n ,  a c t i v e l y
exchanging parts  of the skeleton such as the bone marrow.  
L a s t l y ,  th e r e  is a r e l a t i v e l y  slow no n -d i f fu sa b le  exchange 
pool of  dense bone and t e e t h .
The f i r s t  compartment contains approximately 1.7-2.0mg  
of lead and has a ,V\a.U l i f e  of  35 days. This pool is in 
d i r e c t  communication with ingested lead,  u r in a ry  lead,  and 
pools two and th r e e .  The second pool contains 0.3-0.9mg of  
lead and has a WaiF l i f e  of approximately 40 days. La s t ly ,
pool th ree  contains the vast  m a jo r i t y  of  the body lead
burden, and in cont ras t  to the other  two pools,  has a much
longer h a l f  l i f e .
1 .4 .1  Uptake and t r a n s f e r  by the blood
Under normal steady s ta te  c o nd i t i on s ,  the blood w i l l  
conta in approximately 2-4% of the t o t a l  body lead burden 
(Baloh,  1974; Rabinowitz et  1 976 ) .  Within the blood,
90-95% of the lead cat ions are bound to the red blood c e l l s
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Figure 1.2 Three compartment model f o r  the a b s o r p t io n ,
r e te n t i o n  and e l i m i n a t i o n  of l e a d . 
Schematic re pr es en ta t io n  of the absorpt ion of lead,  i t s  
r e l a t i v e  d i s t r i b u t i o n  w i th in  the body, and the routes  
of i t s  e l i m i n a t i o n .  The diagram i l l u s t r a t e s  the h a l f -  
l i f e  of  lead in each compartment in ad d i t ion  to the 
main regions of  the body which are involved in lead 
s t o r a o e .
(C la rks ton  & Kench, 1958; Butt ^1,  1964; Bar l t rop &
Smith,  1971; Cave 11er i ^ t  1 978 ) ,  however the proport ion
of  lead r e t a i ned  by the e r y t h r o cy te  may be dose dependant 
(Waldron & S tofen,  1974) .  The remaining p r opor t ion ,  around 
5%, is associated wi th the plasma f r a c t i o n ,  and i t  is
thought  t h a t  i t  is t h i s  lead which co ns t i tu tes  the 
d i f f u s a b l e ,  metabo 1 i c a I l y  a c t i v e  por t ion of the metal .
Plasma lead ex is ts  p r i n c i p a l l y  bound to prote ins  with a 
small  f r a c t i o n  being in a f r e e  ionic  form capable of
exchange wi th the surrounding ex t r ava scu1ar f l u i d  (Baloh,  
197-4). Binding to l igands can occur via several  funct iona l
groups; OH, -GOGH, -PO H , -SH and imidazole .
3 2
The uptake of lead by the e ry th ro cy te  is a rapid  
process (Morteson & Ke l log ,  1944; Clarkston & Kench, 1958).  
Ear ly  studies suggested the c e l l  membrane as the p r in c i pa l  
lead binding s i t e  (Aub e^ £!_, 1925; Watanabe & Yana, 1953 )
wi th lead probably being associated wi th the l i p id s  or  
l i p o p r o t e i n s  (T e i s i n g e r ,  Zumanova & Zezula ,  1958) ,  but more 
r e c e n t l y ,  lead has been found to be bound p r im a r i l y  to 
haemoglobin (B a r l t r o p  & Smith,  1971) probably as an 
i n so lub le  lead-haemoglobin complex (Clarkston & Kench, 
1958, Ong & Lee, 1980 ) .  Barltrdp & Smith ( 1 975 ) have 
advanced the theory tha t  the re  are two compartments fo r  
lead binding in the red blood c e l l ,  a weak binding 
compartment in addi t ion  to the f i rm  binding to haemoglobin.  
Plasma lead may be in dynamic eq u i l i b r i u m  with the loosely  
bound e ry t h r oc t ye  lead (Morteson & Ke l log,  1944) with lead 
being surrendered from the c e l l s  as plasma leve ls  f a l l ,  
and, under ce r t a in  co nd i t i on s ,  the lead-haemoglobin complex
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d i s s o c i a t i n g .  Such theor ies  of dynamic eq u i l ib r i um  between 
f i r s t l y ,  e r y t h r o cy te  and plasma lead,  and secondly,  
i n t r a c e l l u l a r  and e x t r a c e l l u l a r  lead,  are however not  
cons is ten t  wi th the data of Hursh & Suomela (1968 ) ,  who 
suggest t h a t  lead may be released from the red blood c e l l  
s lowly ,  and only on i t s  death.
1 .4 .2  Uptake by sof t  t i s sue
Lead which is absorbed in to  the blood may be t ransported  
to v i r t u a l l y  a l l  the organs and t i ssue s  of the body, the  
concent rat ion  at  any s i t e  and t ime being determined by many 
complex dynamic interchanges amongst var ious t issues and 
f l u i d s  of  the body. Indeed,  t h i s  dynamic equ i l ib r ium  
between blood and t issues p re d ic ts  t h a t  lead w i l l  d i f f u s e  
from plasma in to  the c e l l  v ia  the e x t r a c e l l u l a r  f l u i d .  
Removal of  lead from the so f t  t i ssues  also occurs,  and the  
k i n e t i c s  of  t h i s  movement c l o se ly  resemble those fo r  the  
removal of  lead from blood ( C a s t e l l i n o  & A lo j ,  1964) ,  
although the exchange ra te  f o r  c e r t a i n  t i s s u e s ,  notably  
muscle and sk in ,  are slower.  Exposure of the t issues to 
lead can occur under two sets of  ci rcumstances.  F i r s t l y ,  
a f t e r  absorpt ion of lead from the environment via t ransport  
in the blood; and secondly,  as a r e s u l t  of  mo b i l i za t ion  of  
lead from storage regions of the ske le ton .
Around 2% of  the body burden of lead is present in the 
so f t  t issues (NAS, 1980) .  Var ia t io ns  in r e l a t i v e  t i ssue  
lead content  occur with geographical  loca t i on  (Schroeder & 
T ipton,  1968) .  However in general  the highest  
concentrat ions are found in the a o r t a ,  l i v e r  and kidney 
with much lower l evels  being found in the muscle, b ra in .
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spleen,  h e a r t ,  skin and t e s t i s .  There is a wide v a r i a t i o n  
in the ac tua l  l evels  of lead in t issues between 
i n d i v i d u a l s .  Observed concent rat ions  depend on many 
f a c t o r s ,  not l e a s t  the l eve l  of  lead exposure to which the  
i n d iv id u a l  is exposed. The lead concentraton in so f t  
t issues  tends to reach eq u i l ib r i u m  during the second decade 
in l i f e  a f t e r  which no r i s e  in the meta ls '  concentrat ion is 
observed throughout  adul t  l i f e  (Barry & Mossman, 1970;  
Barry ,  1975) .  Schroeder & Balassa (1 96 1 ) ,  however observed 
a r i s e  in lead content  in c e r t a i n  t issues  up to around the  
f i f t h  decade, a f t e r  which the l ev e ls  once again f e l l .  This 
pa t te rn  was ev iden t  only in t issues  of  in d iv id u a ls  from 
c e r t a i n  geographical  regions.  The concent ra t ions in t i ssues  
from in fa n ts  and young ch i ld re n  tend to be lower than in 
the ad u l t  (Barry & Mossman, 1970; Barry ,  1981) .  At moderate 
l ev e ls  of exposure,  there  is no s i g n i f i c a n t  d i f f e r e n c e  in 
s o f t  t i s s u e  lead content  between males and females (Barry & 
Mossman, 1970; Barry ,  1975) al though males may tend to have 
about 30% more lead in t h e i r  t issues  i f  they are e s p e c ia l l y  
exposed to the metal  (Bar ry ,  1975) .
Uneven d i s t r i b u t i o n  of lead w i th in  an organ is of ten  
present .  The kidney cortex contains more lead on a weight  
basis in comparison with the medul la ,  both in adul ts  (Barry  
& Mossman, 1970; Barry,  1975) and ch i ld re n  (Bar ry ,  1981) .  
Grandjean (1978)  has observed an uneven d i s t r i b u t i o n  of  
lead w i th in  the b ra in .  The hippocampus and amygdala 
contained a g r e a te r  lead concent ra t ion  than the mean in the 
h a l f  bra in or the cerebel lum,  in non lead-exposed 
i n d i v i d u a l s .  R e l a t i v e l y  high concentrat ions  were also found
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i n  t h e  m e d u l l a ,  w h i l e  t h e  c o r p u s  c a l l o s u m  a n d  opt ic  t r a c t  
were lower in lead.  This d i s t r i b u t i o n  in lead content  of  
the bra in  complies with data obtained from in d i v id u a ls  
e s p e c i a l l y  exposed to lead.  In general  i t  also coincides  
with the d i s t r i b u t i o n  of c e r t a i n  e s s e n t i a l  t race  elements 
(H ar r i s o n ,  Netsky & Brown, 1968) ,  being loc a l i s ed  mainly in 
densely c e l l u l a t e d  regions.
The organs with the g r ea tes t  uptake of lead form 
i n t r a c e l l u l a r  inc lus ion bodies which are composed of a 
l e a d - p r o t e i n  complex. When the lead is bound in t h is  non- 
d i f f u s a b l e  complex, c e l l u l a r  funct ion  can cont inue even in 
the presence of  large q u a n t i t i e s  of i n t r a c e l l u l a r  lead.
I n t r a c e l l u l a r  lead is also associated wi th o r ga ne l l es .
Binding is thought to occur p r i n c i p a l l y  via  sulphydryl  
groups.  I n t r a c e l l u l a r  d i s t r i b u t i o n  va r ies  wi th organ,  an 
example being the l i v e r ,  in which the lead is bound in a 
s t ab le  manner to the mitochondrion ( C a s t e l l i n o  & A l o j ,  
1969) wi th l i t t l e  being at tached to lysosomes.
U1t r a s t r u c t u r a 1 changes in the myocardial  mitochondrion  
have been observed in animal studies fo l low ing  lead 
exposure (Asokan, 1974; Moore, 1975) .
1 .2 . 3  Storage of lead in the s k e l e t o n .
The skeleton contains by f a r  the g r ea te s t  proport ion of  
the body burden of lead,  with a f i g u r e  of over 90% of the  
body lead content  of ten being ca lcu la te d  (Schroeder & 
T ip ton ,  1968; Barry & Mossman, 1970; Barry ,  1975) .  In 
p a r t i c u l a r ,  lead seeks out areas of  a c t i v e  bone fo rmat ion .  
Storage of  lead in bone occurs as the r e l a t i v e l y  Insoluble  
t r iphosphate  s a l t ,  and f o r  t h i s  reason less than 1% of the
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s k e l e t a l  load is exchangeable (Rabinowi tz  et  1973) .  The
bone mineral  contains two calcium phosphate pools.  F i r s t l y ,
a c r y s t a l l i n e  phase of a p a t i t e  c r y s t a l s  s i m i l a r  to
hydroxy ap a t i t e  , and secondly,  an amorphous n o n - c r y s t a l l i n e
phase predominately  of calcium and phosphate (Posner,
1969) .  In a s i m i l a r  manner to s t ron t ium,  lead can replace
calcium in the c r y s t a l .  Under normal cond i t ions,  a
constan t ,  slow d i f f u s i o n  of lead from bone occurs
( C a s t e l l i n o  & A l o j ,  1964) .  However, during c e r t a in  disease
sta tes  in which there  is a d isturbance in the acid-base
status of  the body, a more rapid m o b i l i z a t i o n  of sk e l e ta l
lead can occur (Waldron & Stofen ,  1974) in a s im i l a r  manner
to the movement of calcium (DHSS, 1980) .  The b i o l og ic a l
h a l f - l i f e  of  lead in the skeleton has been ca lcu la ted  to be 
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around 10 days (Rabinowitz ^  1973; 1976) although
other  workers have ca lcu la t ed  a f i g u r e  in the region of  
670-840 days (Black,  1962) .  The lead content  of bone 
s t e a d i l y  r i ses  throughout l i f e  (DHSS, 1980) .  The bones of  
c h i l d r e n  conta in around Img l e a d / k g . ,  whi le  the level  in a 
50 year  old adul t  is some f o r t y  t imes g rea te r  (Bar ry ,  
1975) .  In con t r as t  to the observat ions of Schroeder & 
Balassa (1961)  who observed a f a i l  in bone lead a f t e r  the 
seventh decade, the post-mortem data of  Barry and his
col league (Barry & Mossman, 1970) observed no f a l l  in bone
lead in extreme old age. V ar ia t io ns  e x i s t  in bone lead 
conce nt ra t ion s .  Rib and vertebrae  concentrat ions tend to 
reach a maximum between the ages of s i x t y  to seventy,  whi le  
the long bones cont inue to accumulate lead t i l l  death.  Lead 
poisoning can be confirmed in ch i ld re n  by radiography which
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shows the presence of a l in e  of increased r ad io -d en s i t y  in 
the metaphys i s of the growing end of bone. Although 
fo rm er ly  thought to be due to deposi ted lead i t  is now
be l ieved to be caused by calcium depos i ts .
The leve l  of lead in bone represents the cumulat ive
exposure of the i n d iv id u a l  to the tox in  since b i r t h .
S i m i l a r l y ,  the lead content  of e x f o l i a t e d  teeth  represents  
a measure of  both past and present  exposure.  The highest
concent ra t ion  of lead occurs in the ci rcumpulpal  dent ine
zone (Shapiro e;t 1 973; 1 975 ) al though enamel
concent rat ions are higher  than dent ine .  Even across the  
enamel l ay er  concent rat ions vary ,  and the root  por t ion of  
the tooth contains a higher  lead content  than the crown.  
S i m i l a r  to bone, the lead content  of  tooth dent ine has been 
observed to r i s e  with age ( A l - N a im i ,  Edmonds & Freml in ,  
1980) ,  but in c o n t r a s t ,  the enamel lead content  does not 
f o l l o w  such a p a t t e r n .
1.5 Excret ion of lead
The p r i n c i p a l  routes of  e l i m in a t i o n  of  lead from the 
body are via ur ine  and faeces,  although small amounts are 
excreted in sweat and mi lk or via t issues which are shed 
such as deciduous t e e t h ,  h a i r  and n a i l s .  The vast ma jo r i t y  
of faeca l  lead o r ig in a t e s  from th a t  which was ingested 
o r a l l y  but not absorbed. Absorbed lead which is excreted  
i n to  the g a s t r o - i n t e s t i n a l  t r a c t ,  is e l im ina ted  by way of  
b i l i a r y ,  panc rea t ic ,  s a l i v a r y  and g a s t r i c  secret ions  
( B l a x t e r  & Cavie,  1946; C as te l l i n o  aj_, 1966; C i k r t ,  
1972 ; Rabinowitz et  aj_, 1976 ) .  C i k r t  ( 1972) also 
demonstrated th a t  the c e l l s  of  the gut wal l  which contain
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lead,  may also co nt r ib u te  t o  i n t e s t i n a l  e l i m i n a t i o n  t o  a 
minor degree.
Although fa eca l  e l i m in a t io n  is q u a n t i t a t i v e l y  more
important  than renal  (Kehoe, 1925; 1964) ,  the renal  route
of  lead ex cr e t io n  accounts f o r  the e l i m in a t io n  of 95% of  
absorbed lead (NAS, 1980) .  For the most p a r t ,  the kidneys 
e l i m i n a t e  lead by glomerular  f i l t r a t i o n ,  es p e c ia l l y  in the  
modestly exposed in d iv id ua l  (V o s t a l ,  1963) .  However,  
f o l lo w in g  sudden increases in blood lead concentra t ion ,  as 
caused by int ra -venous i n j e c t i o n  of lead,  tubu la r
reso rp t ion  of f i l t e r e d  lead can occur (V o s ta l ,  1963) .  This
process is pH dependant with the amount of  resorbed lead 
being g r e a t e r  at  low pH va lues.  Act ive secret ion of lead by 
the renal  tubule  has also been demonstrated (Vostal  & 
H e l l e r ,  1968) .
Excret ion in other  f l u i d s  such as breast  mi lk does not
a t t a i n  any g rea t  s i g n i f i c a n c e ,  since the concentrat ion of  
lead in t h i s  f l u i d  is s i m i l a r  to th a t  in plasma, being only  
10% of the l ev e l  in blood.
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P a t h o l o g i c a l  e f f e c t s  o f  l e a d
Patho lo g ica l  e f f e c t s  of lead have been noted on many 
body systems. There ex is t s  a spectrum of ' t h r es h o l d '  blood 
lead concent rat ions  fo r  the var ious to x i c  e f f e c t s  (WHO, 
1977) .  A summary of these e f f e c t s  w i l l  be presented.
In a d d i t io n  to the most important  s i t e s  of act ion of  
lead;  the c e n t r a l  nervous system and the haematopoiet ic  
system, numerous other  t a r g e t  organs e x i s t ,  including the  
k idney,  sk e l e to n ,  g a s t r o - i n t e s t i n a l  t r a c t ,  c a rd io -v as cu la r  
system, endocr ine ,  immune, reproduct ive  and per iphera l  
neuro-muscular  systems. A d d i t i o n a l l y ,  one should consider  
the in f lu e nc e  of  lead on the ageing process,  chromosome 
abno rma l i t i es  and mutat ions,  and cancer.  Lead has diverse  
b i o l o g i c a l  e f f e c t s  both in humans and animals.  There ex is t s  
a wide dose-response curve fo r  the c o l l e c t i o n  of b i o lo g ic a l  
e f f e c t s  wi th some biochemical  changes occur r ing at  very low 
l ev e l s  of  exposure whi le other  aber ra t ions  are only noted 
at  much h igher  exposure l e v e l s .
Haematopoiet ic system The observed e f f e c t s  of  lead can be 
a t t r i b u t e d  to the combined r es u l ts  of an i n h i b i t i o n  of  
haemoglobin syn thesis ,  due to diminished haem l e v e ls ,  and a 
shortened l i f e  span of the e r y t h r o c y te ,  which resu l ts  in 
anaemia. The m u l t i p le  act ions of lead on the haem 
b i o s y n th e t i c  pathway, which w i l l  be discussed in f u r t h e r  
d e t a i l  in chapter  7, r e s u l t  in an excess in s p ec i f i c  
porphyrins in the red blood c e l l  and a vast increase in 
ur in ar y  exc re t io n  of c e r t a in  porphyrins and 5-  
amin o l ae vu l in i c  ac id.  An increase in f r e e  e rythrocy te  
protoporphyr in  is an ea r ly  in d ic a t i on  of the det r imenta l
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e f f e c t  of lead on the haem b i os y nt h e t ic  pathway. T h e s e  
e f f e c t s  which can r e s u l t  in a qu i te  pronounced anaemia a r e  
common in lead poisoning.
Kidney The assoc ia t ion  between lead poisoning and kidney  
disease has been noted f o r  many years ,  with both adul ts and 
ch i ld r en  being su scept ib le .  S t r uc tu r a l  changes can be 
r e a d i l y  observed fo l low ing  lead exposure w i t h in  the kidney 
and in t h i s  respect  the proximal  convoluted tubule is most 
a f f e c t e d .  The c h a r a c t e r i s t i c  renal  response to these  
les ions is a Fanconi syndrome of  a m in o ac id ur ia , g lycosur ia  
and- ph os ph a tu r i a . The r e s u l t a n t  c l i n i c a l  mani festa t ions  
vary d r a m a t i c a l l y  depending on the level  and durat ion of  
exposure.  At one end of the spectrum, s u b - c l i n i c a l  e f f e c t s  
on var ious aspects of renal  func t ion  have been observed in 
lead workers,  whi le more severe l eve ls  of exposure can 
r e s u l t  in chronic nephropathy and gout ,  which resu l ts  as a 
consequence of  impaired tu b u l a r  secre t ion of u ra te .  Both 
shor t - t e rm apparen t ly  r e v e r s i b l e  damage to renal  tubules  
associated wi th acute lead poisoning and a progressive loss 
of renal  func t ion  c h a r a c t e r i s t i c  of chronic e levated  
exposures have been demonstrated.  Depending on the degree 
of lead exposure,  r e v e r s ib le  or i r r e v e r s i b l e  changes in 
kidney fu nc t ion  may ensue. I t  has not been estab l ished  
whether acute lead poisoning in chi ldhood may subsequently 
r e s u l t  in pathologies of renal  funct ion  l a t e r  in l i f e .  
Card io -va scu la r  system Several  s tudies in animal species 
have demonstrated e f f e c t s  ranging from vasoconstr i c t ion  to 
abnormal hear tbe a ts ,  s t r u c t u r a l  damage to hear t  t i s s u e ,  and 
a r t e r i o s c l e r o s i s  fo l lowing exposure to lead.  Evidence in
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man is inconclus ive .  S o m e  e p i d e m i o l o g i c a l  s t u d i e s  h a v e  
shown both an e levated p r e v a l e n c e  o f  hypertension and 
excess m o r t a l i t y  ra te  from cerebrovascu lar  diseases among 
lead workers,  whi le  other  studies have shown no e f f e c t s  o f  
t h i s  sor t  in s i m i l a r  populat ions (NAS, 1980) .  I t  should be 
noted th a t  i t  is not a simple mat ter  to d i s t i n g u i s h  the 
primary ac t ion  of  lead associated with hyper tens ion,  since 
lead ac t ing  on the kidney may by causing kidney disease  
thus i n d i r e c t l y  producing an e l e v a t i o n  in blood pressure.  
Immune system Evidence suggests th a t  lead renders animals 
more su scept ib le  to endotoxins and in f e c t io u s  agents.  
However, al though a v a i l a b l e  data in d ica tes  tha t  lead 
a f f e c t s  immunity,  i t  is not at  a l l  c l e a r  the mechanism by 
which i t  exer ts  i t s  immunosuppressive ac t ion and indeed 
data i n d i c a t i n g  immunosuppression in humans is l ack ing.  
Skeleton The p o s s i b i l i t y  cannot be ignored th a t  lead can 
cause a d is turbance in bone metabolism since a great  
percentage of  lead is stored in the ske le ton .  L i t t l e  
evidence e x is ts  to support th is  hypothesis .  One must 
consider  however,  the p o s s i b i l i t y  th a t  cumulat ive long-term  
lead exposure is p a r t l y  or even whol ly respons ib le  fo r  the 
osteopenia a n d / o r  osteoporosis found in the e l d e r l y  members 
of the popu la t ion .
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1.7 E f f e c t  of  lead on the nervous system
1.7 .1  Genera 1 considera t ions
When one is consider ing lead exposure,  there  are r e a l l y  
two d i s t i n c t  s i t u a t i o n s .  No doubt e x is t s  th a t  lead is a 
neurotoxin and general  poison.  There is f i r s t l y  the case of 
over t  or c l i n i c a l  acute lead poisoning which was 
commonplace in the ancient  world and is characte r ised by 
severe abdominal pa ins ,  co ns t i pa t io n  or d i a r r ho ea ,  anaemia 
and pe r ip he ra l  neuropathy with encephalopathy,  hear t  
f a i l u r e ,  coma and even death ensuing (Waldron,  1973) .  
Knowledge of such an i l l n e s s  of  the nervous system caused 
by lead extends h i s t o r i c a l l y  to a n t i q u i t y .  Indeed,  
Dioscor ides in the f i r s t  century A.D. foreshadowed us - 
' the  mind gives way; the l imbs are pa ra ly s e d ' .  
Secondly,  chronic lead poisoning is more of a problem 
today.  I t  occurs as a r e s u l t  of i n d u s t r i a l  exposure to 
r e l a t i v e l y  high concentrat ions of lead over a lengthy  
pe r iod ,  and r e s u l t s  in small  but d iscernable  heal th e f f e c t s  
such as kidney disease or ca rd iovascu la r  e f f e c t s .  Un t i l  
r e l a t i v e l y  re ce n t l y  however, i t  was thought that  lead 
poisoning was almost ex c l u s iv e ly  a disease of in d u s t r i a l  
exposure.  P re sent ly ,  great  i n t e r e s t  is being shown in the 
p o s s i b i l i t y  of  ins id ious  e f f e c t s  r e s u l t i n g  from long-term 
exposure to environmental  lead.  The profound e f fe c ts  of 
over t  lead poisoning are not in d ispute but great  
controversy exists in the l i t e r a t u r e  as to the e f fe c ts  of  
l esser  exposure and indeed at  what l eve l  of exposure they
begin to occur.
Recognit ion of a neurotoxin usua l ly  begins with the
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i d e n t i f i c a t i o n  of of ten d r a m a t i c a l l y  high dose e f f e c t s .  As 
knowledge of  the biochemical  t o x i c i t y  of the toxin  
broadens,  more s e n s i t i v e  measures of t o x i c i t y  are developed 
and the thresho ld  f o r  e f f e c t  is rev ised accordingly  
downwards. Vulnerable  segments of the populat ion are then 
i d e n t i f i e d  and the quest ion of whether o rd inary  community 
exposure is tox ic  is ra is ed .  Epidemiologica l  and 
exper imental  studies are then conducted to de f ine  the 
ex ten t  of  the problem and to e l u c id a t e  the p o t e n t i a l  tox ic  
mechanism( s ) .  This is e x a c t ly  the course of  events tha t  
have occurred wi th lead.
The most prone t i ssue  to lead is the brain  and ce n t r a l  
nervous system (CNS), the t i s su e  l eas t  capable of r e p a i r .  
The e f f e c t  on the nervous system can be observed both 
b iochemica l ly  and by h i s to p a t h o 1o g ic a1 techniques.  The 
to x ic  e f f e c t s  are most probably b iphas ic .  F i r s t l y ,  an 
e f f e c t  on nervous system development and growth (Louis -  
Ferdinand e t  1978 ) ,  an e f f e c t  which is almost c e r t a i n l y  
i r r e v e r s i b l e  and w i l l  r e s u l t  in permanent neurologica l  
changes e s p e c i a l l y  where exposure occurs in e a r ly  l i f e ;  and 
secondly,  an act ion on var ious biochemical  systems to a l t e r  
the concentrat ions of neuro -a c t iv e  m eta bo l i t es .  This act ion  
is in co n t r as t  to the f i r s t  one, probably r e v e r s i b l e .
I t  is long since known th a t  lead has abort  i f a c l e n t  
p r o p e r t i e s .  In th is  respect  i t  is ev ident  t h a t  lead is wel l  
capable of ac t ing in u t e r o ,  the very t ime th a t  the human 
body is probably at i t s  most vu lnerable  wi th respect  to 
development of  i t s  organs inc luding the nervous system. The 
b lood-bra in  b a r r i e r  which is permeable to l ead,  is not as
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wel l  developed in the young as in l a t e r  l i f e .  Bryce-Smith  
et  a 1 (1977 ) have demonstrated tha t  s t i l l b i r t h s  contained  
between f i v e  and ten t imes the lead t h a t  was observed in 
l i v e  newborn. Wibberly e;t aj_ (1977 ) have also demostrated a 
s i g n i f i c a n t  increase in p lace n ta l  lead in those who f a i l e d  
to surv ive  both b i r t h  and the neonatal  per iod.  An 
i n t e r e s t i n g  study with possible de t r ime nta l  imp l ica t ions  
with regard to the foetus was c a r r i e d  out by Alexander & 
Delves (1 98 1 ) .  These workers noted th a t  blood lead f e l l  
during pregnancy,  the magnitude of  the f a l l  being g r e a te r  
than would be expected by the d i l u t i o n a l  e f f e c t  of the  
increased plasma volume normal ly observed in pregnancy. The 
authors put forward several  possible  explanat ions fo r  the  
f a l l  -
1. A displacement  of the eq u i l i b r i u m  which ex is ts  between 
the maternal  blood and so f t  t issues  or s k e l e t a l  t i ssue
2.  T ransfe r  of lead from the mother to the placenta or  
f o e t a l  t i s su e
3. Enhanced maternal  excre t ion  by way of the ur ine
4. A l te red  lead exposure,  f o r  example as a r e s u l t  of  moving 
from the work to the home environment or a change in 
smoking or d i e t a r y  hab i ts .
Obviously i f  the second case were t rue  then the foetus may 
wel l  be exposed in utero to r e l a t i v e l y  high concentrat ions  
of lead presumably i f  the mother has h e r s e l f  a s i g n i f i c a n t  
lead burden.
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1 . 7 . 2  S t u d i e s  i n man
Research  began a t  t h e  t u r n  o f  t h e  c e n t u r y  when t h e  r i s k s  
to ch i l d r e n  e s p e c i a l l y  became apparent .  Gibson in A u s t r a l i a  
descr ibed a lead induced oculo n e u r i t i s  in a ch i ld  and 
i d e n t i f i e d  lead pa in t  as the source (Gibson,  1917) .  This 
observat ion was r a p id ly  fo l lowed by a case noted by Ruddock 
in 1924 when he descr ibed lead poisoning in a ch i ld  the 
cause of which was pica .  For many years i t  was ge ne ra l l y  
assumed t h a t  upon recovery from the acute phase of  
i n t o x i c a t i o n ,  ch i ld ren  were l e f t  wi thout  s i g n i f i c a n t  
res i  dual d e f i c i t  in ce n t ra l  brain f u n c t io n .  The c lass ic  
paper of Byers & Lord (1943)  put an end to these b e l i e f s .  
Randolph Byers demonstrated t h a t  ch i ld ren  who were assumed 
to be asymptomatic fo l lo w i ng  an episode of lead 
i n t o x i c a t i o n  were,  in f a c t ,  profoundly impai red.  Fol lowing  
through the e a r ly  school years of twenty ch i ld re n  who had 
prev iously  sustained episodes of  c l i n i c a l  lead poisoning as 
evidenced by c l i n i c a l  symptoms such as encephalopathy and 
pe r iphe ra l  n e u r i t i s  and also lead l ines  on X - r ay ,  nineteen  
subsequent ly ex h ib i ted  impaired co gn i t i ve  funct ion  and 
a l t e r ed  behaviour;  shortened a t te n t i o n  span, a n t i s o c ia l  
behaviour ,  impaired v isua l -motor  c o - o r d i n a t io n .  Considering  
th is  da ta ,  i t  is reasonable th er e f o re  to look fo r  lesser  
impairments a f t e r  a less extreme exposure to lead.
Spurred on by Byer's c la ss ic  paper,  a grea t  wealth of  
data on the postnata l  neurobehavioura1 and developmental  
e f f e c t s  of  lead exposure have appeared during the 1970's 
and 1980's .  During the 1960's screening programmes were set  
up to determine how widespread the problem of  ' e l e va te d '
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l ead exposur e  amongst  c h i l d r e n  was,  i f  such a d e f i n i t i o n  of
e levated  could be decided on. In 1972, an a r t i c l e  in the
New England Journal  of Medicine summed up the dilemma tha t
confronted hea l th  workers and researchers of  tha t  decade,
and indeed t h i s  one, as fo l lows  -
'a c r i t i c a l  q u e s t i o n . . . i s  whether lead can damage the 
c e n t r a l  nervous system of young ch i ld re n  in the absence of 
over t  signs and symptoms r e f e r a b l e  to th a t  system'
- Lin-Fu 1972 
These s tudies  can be separated into two types; those
in v e s t i g a t i n g  the neurotoxic  e f f e c t  of lead on the 
pe r ip he ra l  nervous system and those studying the cent ra l  
e f f e c t .  Several  lengthy reviews of a v a i l a b l e  data p r i o r  to 
1980 have been publ ished;  Bornschein,  Pearson & Rei ter  
( 1 98 0 ) ,  DHSS (1 9 8 0 ) ,  Rut ter  ( 1 98 0 ) ,  each at tempt ing to draw 
conclusions from the weal th of  confusing data publ ished.
E f f e c ts  of  lead on the ce n t r a l  and per ip he ra l  nervous
systems w i l l  be considered se pa ra te ly .
1 . 7 . 2 . 1  E f fe c ts  on the centra  1 nervous system
M u l t i p l e  approaches have been taken to in ve s t ig a te  the 
c e n t r a l  neurotoxic  e f f e c t s  of lead.  Two basic approaches 
have been undertaken-
1. The i d e n t i f i c a t i o n  of a populat ion with minimal ly  
increased lead l eve ls  and search fo r  a ce n t ra l  nervous 
system dysfunct ion
or ,
2.  The converse,  th a t  is the i n v e s t i g a t i o n  of a populat ion  
with c e n t r a l  dysfunct ion in which to es ta b l i s h  lead l ev e ls .
Within the second approach, many studies have shown 
s i g n i f i c a n t l y  increased lead in the blood of  mental ly
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retarded c h i l d r e n  (Moncr ie f f  1964; Bea t t i e  e^ a l ,
1975; David e^ aj^ 1976; 1982; Moore e^ 1977b;
Youroukos ejt £j_, 1978 ) .  Many studies have se lected 3 groups
1. Normal subjects
2.  M i l d ly  re ta rded  subjects whose r e t a r d a t i o n  is of unknown 
ae t io lo gy
3. Retarded subjects  whose abnormal i ty  o r i g i n  is known.
The in cor po ra t io n  of th is  t h i r d  group is v i t a l  since these  
studies are subject  to a cause or e f f e c t  problem. The
presence of  increased blood lead in re tarded compared to
normal c h i l d r e n  does not prove an a e t i o l o g i c a l  r e l a t i o n s h i p  
between mental  r e t a r d a t io n  and ra ised but non-  
encepha1opathic  blood lead l e v e l s .  The arguement c r i t i c s
put forward runs along the l ines  th a t  the menta l ly  retarded
ch i ld re n  may wel l  ingest  lead more r e a d i l y  than t h e i r  
normal peers and are hence predisposed to an increased lead 
burden. However, i t  is noted in these studies  th a t  there  is 
no s i g n i f i c a n t  d i f f e r e n c e  in blood lead in the mental ly  
subnormal c h i l d r e n  of known ae t io l ogy  by comparison with  
control  normal ch i ld ren  (David,  Clark & V o e l l e r ,  1972; 
David et  1982) .  A suppor t ive  observat ion to the
hypothesis t h a t  lead is involved in the ae t i o l ogy  of the
r e t a r d a t io n  in these c h i l d r e n ,  is th a t  these subjects  
exh ib i te d  h y p e r a c t i v i t y ,  a f e a t u re  said to occur as a 
r e s u l t  of  lead exposure.  The data presented by David et  _al_ 
(1982)  has however been c r i t i s e d  (E r n h a r t ,  1982) fo r  
several  reasons.  F i r s t l y ,  the authors f a i l e d  to consider  
any confounding var iab les  such as parenta l  f ac to rs  and 
socia l  c l a s s ,  which may be r e l a t ed  to the r e t a r d a t i o n .
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A d d i t i o n a l l y ,  i t  should be notec that  the blood lead l eve ls  
observed in th is  group of 'unknown a e t i o l o g y '  mental ly  
re ta rded c h i l d r e n  were not extremely high wi th the mean 
being 1.2yjM (25^g/100ml)  and the highest  value being in the 
region of  2.6^M ( 54jjg/100ml ) .  A s l i g h t l y  d i f f e r e n t  approach 
has been taken in the r e t r o s p e c t i v e  study of Moore et  a I 
( 1977b) .  This group obtained phenylkenonuria cards
conta in ing  blood spots obtained a few days a f t e r  b i r t h  from 
menta l l y  re ta rded c h i l d r e n ,  again of  unknown ae t io lo gy .  A 
c l e a r  c o r r e l a t i o n  between mental subnormal i ty and blood
lead was observed.  Bea t t i e  e;t £j_ ( 1 975b) reported a strong 
as soc ia t ion  between high l eve ls  of lead in household water  
suppl ies used during pregnancy and mental r e t a rd a t io n  in 
c h i ld r en  born to mothers using such water .  Blood samples 
obtained a few days a f t e r  b i r t h  showed mean lead l eve ls  of  
T. 2yM ( 2 5 .4^g/100ml ) in the retarded group compared with
0.9^M ( 17.8^g/100ml  ) in the control  group. The case th a t
lead is a causal  f a c t o r  in th is  impaired i n t e l l e c t u a l  
development is more s t rongly  supported in t h i s  study since 
the c h i l d r e n ' s  lead exposure cannot be expla ined by t h e i r  
behaviour .  The doubt does remain however,  as to the f i n e  
d i s t i n c t i o n  t h a t  ex is t s  between unknown and known ae t io logy  
with regard to subnormal m e n t a l i t y .  Other studies have 
obtained s i m i l a r  data.  Youroukos i i  (1978)  also observed 
th a t  the mean blood lead of mental ly  retarded ch i ld ren  
exceeded th a t  observed in e i t h e r  a retarded group but of  
known ae t io lo gy  or a control  normal group. A group in Wales 
however,  have noted no d i f f e r e n c e  in water lead content of  
e d u c a t i o n a l l y  subnormal ch i ldren  compared to normals
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(blwood 197bj and nave sewn doubts on the inFiuenca
of lead on mental  r e t a r d a t i o n .  These doubts however only 
stand i f  a s i g n i f i c a n t  propor t ion of  the lead these  
ch i ld r en  are exposed to is der ived from water .
On the o ther  side of the equat ion ,  c h i ld re n  with known
lead exposure have been i d e n t i f i e d  and r e s u l t a n t  d e f i c i t s
in brain  func t io n  sought.  De la Burde & Choate (1972; 1975) 
performed a lo n g i t u d i n a l  study on ch i ld r en  at  the ages of  
four  and seven, who as t o d d l e r s ,  had blood lead 
concent rat ions in excess of 1.9^M (40^g/100ml)  or lead
l ines  in the long bones on radiography.  Psychological  
t e s t i n g  at  school age indica ted  d e f i c i t s  in behavioural  
t e s t s ,  I . Q . ,  v isua l  and f i n e  motor c o - o r d i n a t io n .  Not 
s u r p r i s i n g l y , there was no s i g n i f i c a n t  d i f f e r e n c e  in blood
lead concent rat ions between the p rev ious ly  lead exposed
ch i ld re n  and a l esser  exposed group,  since blood lead 
r e f l e c t s  the recent  exposure of the i n d i v i d u a l .  Mean tooth  
lead contents ,  a more cumulat ive and long- term exposure 
index,  were however d i ve rgent .  In a study of black p re ­
school age ch i ld re n  in New York, who were div ided into a 
low lead group whose blood lead was less than 1.4yjM 
( 30|ig/100ml ) or a high group i f  the blood lead exceeded 
1.9jjM (40^g/100mi ) ,  psychological  t e s t i n g  indicated  
impaired co gn i t i ve  and perceptual  performance in the high 
lead group. This study co nt ro l l ed  f o r  covar ients  such as 
parenta l  i n t e l l i g e n c e ,  age and b i r t h  weight (Per ino & 
Ernhar t ,  1974) .  Other studies have inves t iga ted  ch i ldren  
with known lead exposure.  A lber t  e t  ^  (1974)  observed New 
York ch i ld r en  in which, not s u r p r i s i n g l y ,  those with
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encephalopathy and lead exposure symptoms had a d e f i c i t  in
I .Q .  However, those who were asymptomatic but whose blood 
lead exceeded 2,9^M (60ug/100 ml) did not d i f f e r
s i g n i f i c a n t l y  from cont ro ls  with respect  to I .Q .  al though  
they had more a t t e n t i o n  and concent ra t ion  d i f f i c u l t i e s .  No 
lead r e l a t e d  d e f i c i e n c y  in co gn i t i ve  t e s ts  were observed in 
ch i ld r en  whose blood lead exceeded 2.4jjM (50^g/100ml)  
compared to those with a lead level  less than 1 . 9^M 
( 40|ig/ 1 00m 1 ) - Baloh et  .aj^  ( 1 975 ) .  A g r e a te r  percentage of  
the 'h igh '  lead group however were considered hyperact ive  
by e i t h e r  the parents or teachers.
A g rea t  many studies have selected a group of  ch i ld re n  
r es i d ing  close to a lead source such as a smel ter ,  and 
compared them to a s i m i l a r  group l i v i n g  more d i s t a n t ,  and 
t h e r e f o r e  presumably less exposed. Whereas some studies  
have demonstrated de t r imenta l  e f f e c t s  of l ead,  others have 
not .  One much quoted study performed in the east end of  
London and which f a i l e d  to demonstrate a de t r imenta l  e f f e c t  
of  lead,  is t h a t  of Lansdown et  aj_ ( 19 74 ) .  A f t e r  measuring
I .Q .  and classroom behaviour in two groups of c h i l d r e n ,  
l i v i n g  e i t h e r  close or more d i s t a n t  from a lead smel ter ,  no 
r e l a t i o n s h i p  was found between I .Q .  and e i t h e r  d istance  
from the smel ter  or blood lead.  However, grave doubt is 
placed on the r es u l ts  of th is  study as se lec t ion  of the  
' c o n t r o l '  group was performed ra ther  in a p p r o p r i a t e l y .  The 
group of ch i ld re n  res id ing f u r t h e r  from the lead source 
e x h i b i te d  an increased propor t ion of d is turbed c h i l d r e n ,  
and as a r e s u l t  lower l eve ls  of i n t e l l i g e n c e  and higher  
rates of d isturbance were more r e la te d  to socia l  f a c t o rs
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than lead exposure.  Using a lead smelter  in El -Paso,  Texas 
Landrigan ejt a_l_ (1975a/b)  d iv ided a batch of asymptomatic 
c h i l d r e n  in to  two matched groups e x h i b i t i n g  a blood lead of  
e i t h e r  less than 1.9^M (40^g/100ml)  or g r e a te r  (observed 
range 1 .9 -3 .9^M;  40-80^g/ Î 00m1 ) .  The groups were matched
f o r  socioeconomic s ta tu s ,  sex,  length of residence and 
prox imi ty  to the smel ter  and the language spoken at home. 
Using both a parenta l  quest ionna i re  and psychological  
t e s t i n g  performed by a phys ic ian ,  subt le  but s i g n i f i c a n t  
impairments in non-verbal  c o gn i t i v e  and perceptual -motor  
s k i l l s  using the Wechsler I n t e l l i g e n c e  sc a le ,  were noted.  
Performance I .Q .  was impaired by 8 points but there were no 
s i g n i f i c a n t  d i f f e r en ce s  in verbal  I . Q . ,  behaviour or 
h y p e r a c t i v i t y  between the groups. In the same lo ca t i on ,  an 
independent study conducted by McNeil and his col leagues  
(McNei l ,  Ptasnik & C r o f t ,  1975) d i v id in g  asymptomatic 
c h i l d r e n  on the grounds of prox imi ty  to the smel ter ,  f a i l e d  
to de tec t  any lead r e l a t ed  defects  by means of ph ys ica l ,  
n e u r o l o g i c a l ,  psychometric or school performance measures.  
The Werry-Weiss-Peters scale f o r  h y p e r a c t i v i t y  also did not  
detec t  any d i f f e r e n c e  as a r e s u l t  of  lead exposure. The 
cont rol  group in th is  study l ived in another  area of El - 
Paso. These r es u l t s  may wel l  not be incons istent  with the  
data obtained by Landrigan and co-workers since they  
employed a d i f f e r e n t  research s t r a te g y .  Fol lowing the 
p u b l i c a t i o n  of the Lawther repor t  (DHSS, 1980) two members
of the committee ca rr i ed  out a study near a leadworks in
London ( Lansdown et  £j_, 1981; Yule e^ 1981) ,  the
r e s u l t s  of  which g re a t ly  cont rad icted the conclusions of
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t h e i r  e a r l i e r  study (Lansdown e^ aj_, 1 974 ) .  This l a t e r
study repor ted a 7 point  I .Q .  d i f f e r e n c e  re la t e d  to body
lead,  a d e f i c i t  which remained a f t e r  subt rac t ion  of the
component of I .Q .  r e l a t ed  to a varying degree of socia l  
c l as s .  The range of blood lead values observed was in the 
range 0 .3 -1 .6 ^M  (3 -33^g/100ml )  wi th mean O.TpM
( 14jjg/100ml ) .  Blood lead was s i g n i f i c a n t l y  associated wi th
a t ta inment  scores on tes ts  of read ing ,  spe l l in g  and 
i n t e l l i g e n c e  but not mathematics,  even a f t e r  socia l  class  
e f f e c t s  had been p a r t i a l l e d  out .  One c r i t i c i s m  of the paper  
however,  was th a t  the blood lead measurements r e f l e c t i n g
recent  exposure,  were taken 9 to 12 months p r i o r  to 
psychologica l  t e s t i n g .  Teachers were asked to complete
th ree  behavioura l  ra t i ng  sca les ,  inc lud ing the eleven item 
fo rc ed - cho ice  scale employed by Needleman e t  (1979) on
each c h i l d .  The pa t tern of r es u l ts  obtained in th is  B r i t i s h  
study was s i m i l a r  to th a t  observed by Needleman's group. A 
b a t t e r y  f a c t o r y  in Birmingham provided the lead source f o r  
a study performed by Hebei ,  Kinch & Armstrong (1976 ) .  The 
data suggested a tendency,  though not s t a t i s t i c a l l y ,  f o r  
c h i ld re n  l i v i n g  c loser  to the fa c t o ry  to score 1-2 points  
lower on verbal  reasoning.  In another  study a non­
s i g n i f i c a n t  reduct ion in I .Q.  of 108 in a 'moderate'  lead 
group (mean 1.4jjM, range 0 . 9 - 1 . T^M; 28yjg/100ml, 18-
35j jg/100ml)  compared to 102 in a 'h igh '  group (mean 2. I^M,  
range 1 .7 -3 .1 j jM;  44j jg/100ml,  36-64| ig/100ml ) was observed in 
c h i ld re n  again res id ing  close to a b a t t e r y  works in 
Manchester ( R a t c l i f f e ,  1977) .  The lead est imat ions were 
however performed at the age of  two whereas psychological
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t e s t i n g  did not take place u n t i l  school age.
Much of the remaining data a v a i l a b le  r e l a t i n g  to the 
c e n t r a l  neurotox ic  act ion of lead is obtained from general  
populat ion s t ud i es ,  none of which have been performed in 
the United Kingdom. The p o s s i b i l i t y  th e r e f o r e  e x is ts  th a t  
these s tudies  have been performed in areas where socia l  and 
educa t iona l  condi t ions  d i f f e r  from B r i t a i n .
Undoubtedly the l a rges t  populat ion study was ca r r i ed  
out in two p r i m a r i l y  white working class towns adjacent  to 
Boston, Massachusetts (Needleman et  _aj_, 1979; Needleman,
1983) .  This was a very wel l  designed study which attempted  
as best  as is possible to take into considerat ion  
confounding non- lead r e la te d  v a r i a b l e s .  Considering other  
methodological  problems the f i r s t  design advantage over  
many o ther  previous studies was the use of  an a l t e r n a t e  
means to blood lead in order  to assess lead status of  the 
c h i l d r e n .  In t h i s  study in excess of 2 ,000 asymptomatic 
c h i ld r en  were re c r u i t ed  and body lead burden assessed by 
way of the lead content  of shed décidions tooth  den t i ne ,  a 
r e f l e c t i o n  of cumulat ive past exposure to the metal
(Needleman ^  a_l_, 1974 ).  From these l eve ls  the extremes
were se le c te d ,  the highest  and lowest tenth p e r c e n t i l e s .
The high lead group had a tooth dent ine lead leve l  of
20ug/g or more, whi le in the low group the lead content  did
not exceed 10^g/g.  For the purpose of comparison with other  
s t ud ie s ,  blood lead l evels  in these groups were measured,  
and observed to be 0 .9 -2 .6^M,  with mean i ,7jitA (18-  
54j jg/100ml;  35.5^g/100ml ) in the high group and 0 .6 -1 .8pM
with mean 1.2jjM (12-37^g/100ml;  23.8j jg/100ml ) in the low
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group.  These f i g u r e s  in d ica te  qu i te  c l e a r l y  tha t  b l o o d  lead 
cannot be interchanged wi th tooth lead l evels  fo r  the  
purposes of se le c t i n g  'h igh '  and ' low'  lead groups. Each 
c h i l d  included in the study of these extreme groups with  
regard to body lead burden, underwent a 4 hour neuropsycho­
lo g i c a l  examinat ion.  In a d d i t io n ,  the mother of the ch i ld  
completed a lengthy quest ionna i re  designed to t e s t  39 non­
lead confounding c o - v a r i a t e s .  Comparison was considered fo r  
p h y s i c a l ,  medica l ,  socioeconomic,  f a m i ly  va r iab les  and also  
pare n ta l  a t t i t u d e ,  namely as p i ra t i on s  f o r  the c h i l d ,  home 
l ea rn ing  environment,  a t t i t u d e s  to school and the c h i l d ,  
and r e s t r i c t i v e n e s s .  Teachers provided crude ra t in g  
measures of behaviour by way of an 11 quest ion forced  
choice qu es t ionna i re  cover ing d i s t r a c t a b i 1i t y , not  
p e r s i s t e n t ,  d isorgan ised ,  hy per ac t iv e ,  impuls ive ,  e a s i l y  
f r u s t r a t e d ,  day dreamer,  does not fo l lo w  a sequence of  
d i r e c t i o n s  and low ov e r a l l  fu n c t io n in g .  Needleman paid 
grea t  a t t e n t i o n  to the problem of  confounding non-lead  
v a r i a b l e s .  The groups were broadly s i m i l a r  on background 
v a r i a b l e s ,  but the high lead group were s l i g h t l y  o lder  at  
the t ime of  t e s t i n g ,  s l i g h t l y  more s o c i a l l y  disadvantaged  
and had parents wi th a s l i g h t l y  lower I .Q.  As a r e s u l t ,  5 
c o - v a r i a t e s  were included in the a n a l y s i s .  The ba t te ry  of 
t e s ts  of neuropsychological  funct ion  were analysed by 
analys is  of covar iance ,  and the outcome demonstrated th a t  
the two groups d i f f e r e d  s i g n i f i c a n t l y  on several  t es ts  
i nc lud ing verbal  i n t e l l i g e n c e ,  verbal  and audi tory  
processing,  a t t e n t i o n  span and f u l l - s c a l e  I . Q . ,  the d e f i c i t  
being 4 .5  points as measured by the Weschler I n t e l l i g e n c e
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Scale f o r  Chi ldren (WlSC). The h i gh lead group had a 
corrected  mean f u l l - s c a l e  WISC-R I .Q.  of 102.1 compared to 
106.6 in the low lead group, a d i f f e r e n c e  which was h igh ly  
s i g n i f i c a n t .  The high lead group also scored s i g n i f i c a n t l y  
lower on 9 of  the 11 indices of classroom performance rated  
by te ach er s .  Although the teachers '  reports showed 
increased d i s t r a c t a b i  1 i t y  and prevalence of daydreaming,  
and lack of  pe rs is tence  and an i n a b i l i t y  to fo l low  a ser ies  
of d i r e c t i o n s ,  a l l  f ea tu res  said to co n s t i t u te  
' h y p e r a c t i v i t y ' ,  t h i s  f e a tu re  was not s p e c i f i c a l l y  reported  
to -be e le v a t e d .  This increase in frequency of det r imenta l  
classroom behaviour  was reported to be dose r e l a t e d .
S t a t i s t i c a l  ana lys is  demonstrated th a t  none of the non-lead  
confounding v a r i a b l e s  could account f o r  the observed 
d i f f e r e n c e  in I . Q .  Although the d i f f e r e n c e  in I .Q.  of 4 .5  
points  is s t a t i s t i c a l l y  s i g n i f i c a n t  one should consider the  
d i f f e r e n c e  in another l i g h t .  I t  must be pondered over as to 
whether t h i s  d i f f e r e n c e  loses s i g n i f i c a n c e  when compared 
with the convent ional  standard de v ia t i o n  of 15 points  
employed on the WISC-R scale .  Another point  to note is tha t  
the occurrence of  pica was three  t imes as common in the
high lead group as in the low group and yet  was not
included as a c o va r ia te ;  30% of the high group exhib i ted  
pica in comparison to 11% in the lower group. Is then,  pica  
not a marker f o r  p r e - e x i s t e n t  behavioura l  d e v ia t i o n ,  and 
hence i f  t h i s  were the case,  the increased lead burden 
would be an e f f e c t  ra ther  than a cause of the d e f i c i t ?  Data 
however in d i ca tes  there is no r e l a t i o n  between the pica and 
the teachers ra t in gs  and th er e f o re  t h i s  is an u n l i k e ly
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p r op os i t i on  (Needleman, 1983) .  i t  would have been i n t e r e s t ­
ing to know whether the in termed ia te  group were also  
i n te r me d ia te  ps ycho log ica l l y  since i f  i t  were not ,  then i t  
would weaken the argument t h a t  the assoc ia t ion  represented  
a causal  in f lu en ce  of lead.
Subsequent to t h is  study,  suppor t ive data of a l t e r e d  
c e n t r a l  nervous system fu nc t ion ing  as a r e s u l t  of  chronic  
low lead exposure in these c h i ld re n  was obtained by 
B i r c h f i e l  ejt ( 1980 ) .  A random subset of the same group 
of c h i l d r e n  was se lected f o r  q u a n t i t a t i v e  
elect roencephalography (EEG) pa t te rn  a n a ly s i s .  The data in 
t h i s  study shows an ov e r a l l  a l t e r e d  pa t te rn  of alpha and 
d e l t a  waves. Measurement of brainwave energy over four  
wavebands, d e l t a  ( 0 . 5 - 3 . 5  Hz) ,  th e ta  ( 4 - 7 . 5  Hz) ,  alpha (8 -  
12 Hz) and beta ( 1 2 . 5 - 3 1 . 5  Hz) ind ica ted  a s i g n i f i c a n t  
increase in low frequency d e l t a  waves over the ce n t r a l  
p a r i e t a l  and o c c i p i t a l  co r t i c e s  and a reduct ion of alpha 
waves over the p a r i e t a l  and o c c i p i t a l  regions.
Re-ana lys is  of the same data obtained by Needleman et  
al (1979)  to i n v e s t i g a te  a possible  d e f i c i t  in the c h i l d ' s  
I .Q.  from the expected I .Q.  as c a lc u la te d  from maternal  
I .Q .  was performed by B e l l i n g e r  & Needleman (1983) .  A 
regression l i n e  f o r  the maternal  I .Q .  and c h i l d ' s  I .Q.  was
c a lc u la te d  f o r  the sample as a whole,  th a t  is high and low
lead groups to ge th er ,  and also f o r  each group se para te ly .  
Then, i f  the complete sample regression l i n e  is used to 
obtain an est imate  of the c h i l d ' s  expected I . Q . ,  the 
d i f f e r e n c e  between the c h i l d ' s  observed I .Q .  and t h i s
expected I .Q .  can be c a lc u la t e d .  This value d i f f e r e d
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s i g n i f i c a n t l y  between the two groups. The observed I .Q.  was 
on average 3 .94  points (+12 .90 )  below the expected in the  
high lead group,  whi le in the low group i t  was 1.97  
(+ 11 . 57 )  g r e a t e r  than expected.  The next quest ion to be 
asked in t h i s  study was i f  the d i f f e r e n c e s  var ied with the 
c h i l d ' s  dent ine  lead.  Within the low lead group the  
c o r r e l a t i o n  was e s s e n t i a l l y  zero.  In the high group 
however,  the d i f f e r e n c e  was s i g n i f i c a n t l y  co r re la te d  with  
dent ine  lead.  In summary, f o r  every par t  per m i l l i o n  r i s e  
in dent ine  lead over 20,  the observed I .Q .  f e l l  0 .42 below 
th e 'expec ted  on the basis of maternal  I .Q .
I f  i t  could be shown th a t  a reduct ion in body lead was 
fo l lowed by i n t e l l e c t u a l  gains and/or  behavioural  
improvement,  powerful  evidence would be provided f o r  a 
causal  l i n k  between lead and behaviour .  Chelat ion studies  
t h e o r e t i c a l l y  provide a s u i t a b le  model but such studies to  
date s u f f e r  from methodological  drawbacks. Pueschel , Kopito 
& Schwachman (1972)  reported a r i s e  in I . Q .  of 8 points  
amongst c h i l d r e n  who prev iously  had ra ised blood lead and 
many of  whom had symptoms of exposure,  and who subsequently  
had c h e la t i o n  therapy .  Hyperk ine t ic  ch i ld re n  with blood 
lead in excess of 1.2jjM (25ug/100ml)  were studied fo l lo w i ng  
c h e la t i o n  therapy (David e_t £l_, 1 976 ) .  The authors
concluded t h a t  those ch i ld ren  whose h y p e r a c t i v i t y  was of  
unknown cause showed improved behaviour fo l lo w i ng  t reatment  
whi le  those whose abnormal behaviour was of  a known o r i g i n ,
f a i l e d  to improve.
Although the vast m a j or i t y  of  data r e l a t i n g  to the 
ce n t r a l  neurotoxic  act ion of lead has been obtained in
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studies  of young ch i ld ren  since these are the most 
vu lne ra b le  members of the po pu la t io n ,  a handful  of studies  
have r e l a t i v e l y  r ec e n t ly  been performed in ad u l ts .
In a Danish b a t t e ry  p l a n t ,  a study of males e x h i b i t i n g  
blood lead in the range 2 .8 -4 .0^M (58-82ug/100ml )  having 
neuropsychological  t e s t i n g ,  showed th a t  they lacked 
co ncent ra t ion  and memory; I .Q .  however was normal or above 
average (A rn v i g ,  Grandjean & Beckmann, 1980) .  At a s l i g h t l y
lower l e ve l  of  exposure,  in a foundry ,  a study by Baker et
a 1 ( 1983 ) demonstrated an increased ra te  of  non-spec i f ic
symptoms such as depression,  confusion,  anger,  f a t i g u e  and 
t ens ion .  Those workers who had a blood lead between 1 .9 -  
2.9^M ( 40 -60 ^g / 1 00ml ) ,  also ex h i b i te d  impairment of other
aspects of  neurobehavioural  func t i on in g  including verbal  
concept fo rm at i on ,  memory and v is ua l -motor  performance.  
Zimmerman et  ^  (1983)  d iv ided workers at  an e l e c t r i c
storage b a t t e r y  p lant  into a ' low'  group who had a blood
lead of  less than 1.7jjM ( 35jjg/ 1 00ml ) or a 'h igh '  group 
whose blood lead f e l l  w i th in  the range 2.2-2.9 j jM (45-
60^g/100ml ) .  An ad d i t io n a l  group of ' non-exposed' persons 
who were l o c a l l y  employed male nurses were also included in 
the study.  Each vo lunteer  was asked to complete a 
ques t ion na i r e  of psychological  and physical  symptoms. The 
' h igh '  lead group reported a s i g n i f i c a n t l y  g re a t e r  number 
of symptoms e s p e c i a l l y  neuro logica l  than e i t h e r  the ' low'  
lead group or the control  group which did not d i f f e r  from 
each' o t he r .  This study attempted to control  the bias which 
may e x i s t  when asking lead workers who are aware of the 
dangers of  lead exposure to s e l f - r e p o r t  symptoms. The
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i n c lu s i on  of an addi tona l  ' low'  lead group a l l e v i a t e d  these  
problems. A d d i t i o n a l l y ,  a b a t t e r y  of  per formance  t es ts  
i nd ic a t ed  an impairment of general  func t ion ing  in 
c o g n i t i v e ,  v isua l  and psychomotor areas (Campara ^  a l ,
1984) .
Fur ther  e l e c t r o p h y s i o l o g i c a l  evidence of c e n t r a l  nervous 
system dysfunct ion  as a r e s u l t  of lead exposure comes from 
Otto and co-workers (Benignus et  1981; Otto et  a 1 ,
1981; 1983) .  These workers studied ch i ld r en  aged 13-75
months from low income black f a m i l i e s  exposed to lead from 
a v a r i e t y  of sources.  Lead status was performed by blood 
lead concent rat ion  before e lec t roencepha1ographic analysis  
was performed.  The data obtained showed an a l t e r a t i o n  of  
EEG p o t e n t i a l s  which changed in a l i n e a r  fashion with blood 
lead over the observed range 0.3-2.7yjM ( 5-55| ig/ 1 00ml ) .  Thus 
there  may wel l  be a continuum of e f f e c t s  of  lead on the  
c e n t r a l  nervous system e i t h e r  with no, or a very low 
th resho ld  level  of  exposure.  These changes in brain  
func t io n  appeared to remain over the two year  in t e r v a l  
between the studies despi te  a f a l l  in blood lead.
As w i l l  be ev ident  from the foregoing discussion,  the 
l i t e r a t u r e  is r i f e  with confusion and controversy  
concerning minimal ly  e levated blood lead l eve ls  and t h e i r  
meaning. Indeed the f i r s t  controversy must be the 
d e f i n i t i o n  of  e levated lead exposure.  In the United States  
of America,  an upper l i m i t  of  a c c e p t a b i l i t y  and act ion  
l eve l  of  1.5jjM (30^g/100ml)  has been set by the Centre f o r  
Disease Control  (CDC, 1978) f o r  the prevent ion of lead 
poisoning in ch i l d r e n .  A d d i t i o n a l l y ,  b i o l o g i c a l  v a r i a b i l i t y
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must be considered;  th a t  is at  s i m i l a r  l e v e l s  of exposure,  
some subjects  may mani fest  ce n t ra l  nervous system symptoms, 
whi le  others may not .  The conf idence with which performance 
d e f i c i t s ,  i f  observed,  can be a t t r i b u t e d  to past lead 
exposure,  depends on whether the study has successful ly  
addressed méthodologie issues.  There are four  wel l
recognised basic méthodologie problems which have been 
i d e n t i f i e d  and considered to varying degrees in var ious  
studies ( R u t t e r ,  1980) .  -
1. Inadequate markers of exposure.
Low lev e l  lead'  is a vague and ambiguous phrase and i f  
exposure is not assessed adequately then i t  is most 
u n l i k e l y  t h a t  an e x is t i n g  e f f e c t  w i l l  be i d e n t i f i e d .  Blood 
lead measurements r e f l e c t  recent  lead exposure.  When
i n v e s t i g a t i n g  c h i l d r e n ,  they may wel l  have acquired a
considerab le  lead burden as a to dd le r  which w i l l  not be 
r e f l e c t e d  in a blood lead measurement. S i m i l a r l y ,  vice
versa;  s in g le  blood lead est imat ions can r e f l e c t  a
temporary and perhaps unimportant  r i s e .  I t  Is a very
ser ious drawback tha t  blood lead measurements are not able  
to d i s t i n g u i s h  between shor t - t erm and long-term lead
i n t o x i c a t i o n ,  since i t  may wel l  be th a t  only chronic lead 
exposure is damaging. More appropr ia te  is the use of s e r i a l  
blood measurements or a l t e r n a t i v e l y ,  tooth lead 
e s t i m at io ns .  Primary dent ine of
deciduous te e th  is a useful  index of the s ix  months in
utero u n t i l  the time at  which the tooth becomes f u n c t i o n a l ,  
whereas the lead exposure from the t ime the tooth becomes 
fu n c t io n a l  u n t i l  i t  is shed is r e f l e c t e d  in circumpulpal
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dent ine  (Shapiro £j_, 1973; 1975) .  Thus tooth lead
content  r e f l e c t s  cumulat ive exposure to the meta l .  There is 
a l i m i t a t i o n  on using deciduous tooth lead as an index in 
t h a t  one is conf ined to those ch i ld ren  who are at the age 
of shedding such t e e t h .
2. I n s e n s i t i v e  measures of  performance.
The importance of a study l i e s  in the b a t t e ry  of  t es ts  
ap p l ie d .  At present  only gross changes in cen t ra l  nervous 
system fu nc t ion ing  can be r e l i a b l y  de tec ted .  A t t r ib u t e s  
which have long been regarded as associated with cen t ra l  
dysfunct ion  such as a t t e n t i o n  span, d i s t r a c t a b i 1i t y  and 
poor l ea rn ing  cannot be r e a d i l y  measured and c e r t a i n l y  not 
by r a t i n g  scales .  Where te s t s  of co gn i t i ve  development and 
f un c t ion  are a v a i l a b l e ,  many are standardised f o r  ch i ldren  
o lder  than th ree  to f i v e  years and are th er e f o re  not 
e n t i r e l y  s u i t a b l e  fo r  t h i s  age group. I t  is of course the  
younger ch i l d  and to dd le r  who is at  g r ea te s t  r i sk  to the 
adverse heal th  e f f e c t s  of lead.
3. Biased ascerta inment  of  subjects .
Se le c t ion  of in d i v id u a ls  from a r e l a t i v e l y  r e s t r i c t e d  
source may lead to a reduct ion in the populat ion to which 
f in d i n gs  may be genera l i sed .  In addi t ion  r e s t r i c t i o n  to a 
populat ion most at  r i sk  fo r  the ta r g e t  co nd i t i on ,  in th is  
case lead exposure,  increases the p o s s i b i l i t y  of  
e s t a b l i s h in g  an e f f e c t  given tha t  i t  e x is t s .  Subject  
s e le c t i o n  may be biased i f  f ac to rs  leading to non­
p a r t i c i p a t i o n  are r e la te d  both to lead level  and to outcome 
measures, such as lack of parenta l  in t e r e s t  or 
unwi l l ingness  to co-operate wi th in  the s t ructures  of the
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study p r o t o c o l ;  subjects who en ter  a study may d i f f e r  in a 
systemat ic  fashion from those who r e j e c t  p a r t i c i p a t i o n .  The 
study must r e c r u i t  a large enough sample s ize  in order to 
detec t  subt le  defects  i f  present .
4.  Inadequate i d e n t i f i c a t i o n  and considera t ion of non-lead  
r e l a t e d  confounding var ia b le s  a f f e c t i n g  development.
Poor educa t iona l  a t ta inment  is c l e a r l y  r e la t e d  to a wide
range of i n d ic ie s  of soc ia l  d isadvantage.  Since such
measures also appear to be r e la t e d  to higher  lead exposure,
i t  is necessary to demonstrate s t a t i s t i c a l l y  th a t  lead and
a t ta inment  are s t i l l  r e la t e d  a f t e r  the in f luence of
mediat ing soc ia l  f a c to rs  are taken into account.  Most hard
to cont r o l  are the genet ic  f ac to rs  as est imated from
paren ta l  I . Q . ,  socioeconomic s ta tu s ,  and e a r l y  pa re n t - c h i l d
i n t e r a c t i o n s  which a l l  in f luence  g r e a t l y  the c h i l d ' s
c o g n i t i v e  development.  Déf ic iences in the general
ca reg iv ing  environment in the home during the v i t a l  f i r s t
two years of l i f e  can increase the r i s k  of increased lead
occurs..
absorpt ion , Loherv over-exposu.r<2 to environmental  l ead*  Studies  
have shown t h a t  ch i ldren of lower socioeconomic status tend 
to have higher  blood lead concentrat ions than those from a 
more p r i v i l i g e d  background. There are a g rea t  many medical  
and socia l  condi t ions which can cause or co n t r i b u t e  to the 
d e f i c i t  of  measured i n t e l l i g e n c e .  A c a r e f u l l y  con t r o l l e d  
study must incorporate  appropr ia te  methods of s t a t i s t i c a l  
ana lys is  to assess the r e l a t i v e  co nt r ib u t i on s  made by the 
various f a c t o r s .  I t  must also be considered t h a t  there  are 
medical  cond i t ions which may have a depressive e f f e c t  even 
on a t r a n s i t o r y  basis on a c h i l d ' s  response to an I .Q.
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t e s t .  Although most studies exclude permanently brain  
damaged c h i l d r e n ,  a minor degree of i l l n e s s  such as 
i n f e c t i o n ,  anaemia or poor n u t r i t i o n  can cause a temporary  
lack of  responsiveness and most psychological  t es ts  are 
performed on a s ingle  occasion.
Although i t  is impossible f o r  an ep idemio logica l  study 
to achieve complete cont rol  of an i n f i n i t e  number of  
va r i a b le s  t h a t  con t r ibu t e  to outcome, i t  is v i t a l  however 
to take in to  account as many v a r i a b l e s  as possib le ,  since  
the d i r e c t i o n  of  bias in eva lu a t ing  a possible de t r imenta l  
agent associated with disadvantage w i l l  be towards f a l s e l y  
ascr ib ing  a d e f i c i t  to the agent .  Where d i f f e ren ces  are 
small  as they are in studies re por t ing  p o s i t i v e  e f f e c t s  of  
low lev e l  lead exposure,  biases are c r i t i c a l .  An ad d i t iona l  
problem is th a t  even where confounding var iab les  are 
i d e n t i f i e d  and measured as r e l i a b l y  as poss ib le ,  there are 
no f u l l y  s a t i s f a c t o r y  s t a t i s t i c a l  methods fo r  t h e i r  
c o n t r o l .  Ne i ther  analys is  of covar iance ,  m u l t i p le  
regression or matched pa i r ing  on a l l  known confounding 
va r i a b l e s  completely co r re c ts .  I t  has also been pointed  
out th a t  the r e  is a subt le  but d i s t i n c t  d i f f e r e n c e  between 
backwardness and underachievement which must be observed.
An a d d i t i o n a l  point  may also be considered.
5. M u l t i p l e  comparisons.
By f a r  the most important  f a c t o rs  are the issues of  
confounding var iab les  and assessment of lead exposure.  
However, i t  should be noted th a t  al though i t  is des i rab le  
to employ several  measures of behaviour and i n t e l l i g e n c e ,  
in any l arge number of independent s t a t i s t i c a l  comparisons,
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a s p e c i f i e d  propor t ion w i l l  reach s t a t i s t i c a l  s ig n i f i c a n c e  
in the absence of a t rue  e f f e c t .  A s i g n i f i c a n c e  level  of 5% 
impl ies th a t  1 in 20 of the d i f f e r en ce s  w i l l  be a chance 
f i n d i n g .
As wi th a l l  s tud i es ,  there  is a need f o r  independent  
r e p l i c a t i o n .  Hrdina & Winneke (1978)  performed a s i m i l a r  
populat ion study to tha t  of Needleman et  ^  (1979) but on a 
smal ler  sca le .  458 school age ch i ld r en  (aged 7-10 years)  in 
Duisburg,  Germany were se lected and segregated into ' low'  
and ' e l e v a t e d '  lead exposure groups by way of inc isor  tooth  
lead content .  The low group had a whole in c i so r  tooth lead 
content  less t h a t  3 parts per m i l l i o n  (mean 2 .4  ppm), whi le  
i f  the lead content  exceeded 7 parts per m i l l i o n  the ch i ld  
was c l a s s i f i e d  as ' e leva ted  exposure'  (mean of  group being
9.2  ppm). The e levated group represented approximately the 
upper 15% of the d i s t r i b u t i o n  which covered the range 1 .4 -  
12 .7^g/g .  Non-lead var iab les  were accounted fo r  by p a i r  
matching the ch i ld re n  f o r  age, sex and parenta l  occupat ion.  
Several  psychological  t es ts  were performed and the data 
ind ica ted  th a t  two of the tes ts  of perceptual  motor
i n t e g r i t y  were s i g n i f i c a n t l y  d i f f e r e n t  between the groups.
A d e f i c i t  of 5-7 points in I .Q .  was however not
s i g n i f i c a n t .  These resu l ts  supported the hypothesis of  an 
assoc ia t ion  between increased lead exposure and
disturbances of neuropysio log ica l  development.  However,  
they were not unequivocal  and pronounced enough to prove a 
r e l a t i o n s h i p  between the lead burden and observed
neuropsychological  d e f i c i t .  A second study was performed by 
the same group (Winneke, Hrdina & Brockhaus, 1982; Winneke,
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1982) near a smel ter  at Aachen. Tooth lead contents were 
s i g n i f i c a n t l y  higher  than those observed in Ouisberg.  Three 
groups were i d e n t i f i e d ,  ' low'  {<4 ppm), 'moderate'  (>4-10  
ppm) and 'h i gh '  (>10 ppm). The study revealed no 
de t r im e n ta l  e f f e c t s  of lead on verbal  I . Q . ,  performance 
I .Q .  or f u l l  scale I .Q .  and the same was the case fo r  
severa l  o ther  neuropsychological  parameters.  However, there  
was a s i g n i f i c a n t  assoc ia t ion between tooth lead content  
and percep tua l -motor  i n t e g r a t i o n .
Again using tooth lead as an index of  cumulat ive  
exposure,  Maracek ^  (1983)  studied a group of black 
ch i l d r e n  in urban P h i la d e l p h ia .  The two groups selected  
e x h i b i t e d  median tooth leads of  5 and 59.8 ^g /g  with the 
groups being se lected from a skewed d i s t r i b u t i o n .  A ba t te ry  
of neuropsychological  t e s ts  was appl ied and o v e r a l l ,
exposure to lead was associated with a decrement in
performance.  S t a t i s t i c a l  s ig n i f i c a n c e  was reached most 
of ten  on t e s ts  of  v isua l -motor  func t ion ing  and perceptual  
i n t e g r a t i o n .  Motor func t ion ing was however not a f f e c t e d .
With regard to non-lead v a r i a b l e s ,  the authors concluded
t h a t  socioeconomic fac to rs  were not r e la t e d  to lead 
exposure.
One f u r t h e r  populat ion study,  again performed in the 
United States (E r nh a r t ,  Landa & S ch e l l ,  1981) selected  
urban black ch i ld r en  l i v i n g  in New York. Here m u l t i p l e  
markers of  exposure were employed, namely pre-school  blood 
l ead,  school age blood lead and f r e e  eryth rocy te  
pro toporphyr in ,  and deciduous tooth dent ine lead.  A ba t te ry  
of  te s ts  was performed- McCarthy scales ,  reading t e s t s ,
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teachers assessments,  and the r esu l ts  suggested impairment  
being associated wi th lead exposure.  With no control  of
paren ta l  I .Q .  one could conclude from the data that  lead
may be associated wi th dé f ic iences  in general  co gn i t i on ,
verbal  s k i l l s ,  motor performance and reading t e s t
performance.  However, when a b r i e f  measure of parental  I .Q.  
was considered,  the s t a t i s t i c a l  d e f i c i t s  were nul led out ,  
and the authors concluded th a t  lead had i f  any very minimal  
e f f e c t s  of ce n t r a l  nervous system dysfunc t ion .  However,  
Rut ter  f o r  one, suggests th a t  the authors are over  
emphasising t h e i r  n o n - s i g n i f i c a n t  r e s u l t s .  There was a 
s i g n i f i c a n t  assoc ia t ion  between blood lead and I .Q.  even
a f t e r  c o n t r o l l i n g  f o r  confounding v a r i a b l e s ,  even though 
not s i g n i f i c a n t .  A s i g n i f i c a n t  propor t ion of the
as soc ia t ion  was due to confounding va r ia b le s  ra ther  than
lead per s e .
1 . 7 . 2 . 2  E f fe c ts  on the p e r i p h e ra 1 nervous system
In co nt r as t  to the in fan t  and young c h i l d ,  the p r in c i pa l  
neurotoxic  e f f e c t s  of lead in the a d u l t ,  appear in the 
pe r ip he ra l  nervous system. Radial  palsy in the past was a 
c l a s s i c a l  sign of lead neuropathy.  Within the per iphera l  
nervous system, a spectrum of lead r e l a t ed  d e f i c i t s  can 
appear,  from paresis to s l i g h t  fu nc t i on a l  defects only  
capable of de tec t ion  by s e ns i t i v e  e l e c t ro p h y s io l o g ic a l  
techniques.  Although per iphera l  paresis is wel l  known, the 
occurrence of  lead palsy in severe lead poisoning is now 
r a r e .  Many studies have selected a group of  men exposed to 
lead in the working environment,  but who are ne ur o l o g i ca l l y  
asymptomatic and have demonstrated impaired motor
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conduct ion nerve v e l o c i t i e s  ( C a t t o n  ^  1970;
Seppalainen & Hernberg,  1972; Seppalainen et  1975;
Araki  & Honma, 1 976; Feldman et  £l_, 1977; Ashby, 1980 ) .
Seppala inen,  Hernberg & Kock (1979)  measured a ba t te ry  of  
funct ions  of  the per iphera l  nervous system; maximum motor  
conduct ion v e l o c i t y  of the median and t i b i a l  nerves,  motor  
conduct ion v e l o c i t y  of  the slow f i b r e s  of the ulnar  nerve,  
sensory conduct ion v e l o c i t y  of the forearm region of the  
median and t i b i a l  nerves,  d i s t a l  sensory conduction
v e l o c i t y  of  the median nerve from the f i n g e r  to wr is t  and 
the- motor d i s t a l  latency of the median nerve.  Al l  these  
parameters c o r r e la t e d  with the maximum blood lead during
the e n t i r e  per iod of occupat ional  lead exposure,  with a
time weighted average blood lead,  and wi th the actual  blood 
lead at  the t ime of t e s t i n g .  I t  would appear th a t  the most 
s e n s i t i v e  indices of  the pe r iphe ra l  neurotoxic  act ion of  
lead are the slowing of the conduction v e l o c i t y  of the  
slower motor f i b r e s  of  the u lnar  nerve and the motor
la tency of the median nerve (Seppalainen & Hernberg, 1972;
Seppalainen e t  aj_, 1975) .  In order  to i n v e s t i g a te  the t ime  
span between the s t a r t  of lead exposure and the onset of  
these m an i f e s t a t i o n s ,  the same laboratory  (Seppalainen & 
Hernberg,  1982) selected a group of newly exposed lead 
workers.  A f t e r  one year exposure to the meta l ,  these
workers ex h ib i t e d  s i g n i f i c a n t l y  longer motor d i s t a l  sensory 
conduction v e l o c i t i e s  of the median nerve.  The data in t h i s  
study suggested tha t  lead has de t r imenta l  e f f e c t s  on the  
per ip he ra l  nervous system in these lead workers at  a blood 
lead l ev e l  of  less than 1.9yjM (40^g/100ml ) .  Electromyo-
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graphie  an a ly s is  nas demonstrated aonorma i i t i es  suon aa,
f i b r i l l a t i o n  and a diminished number of motor un i ts  in 
maximal co n t r ac t i o n  (Seppalainen e_t 1975 ) ,
In t h e i r  study of ch i ld ren  exposed to chronic low leve l  
lead from a nearby smel ter ,  Landrigan et  ^  (1975b) noted a 
lead r e l a t e d  slowing of w r i s t - t a p p i n g  which may be an 
i n d i c a t i o n  of  low grade motor neuropathy.  The slowing of  
nerve conduct ion v e l o c i t i e s  described above w i l l  precede 
the development of signs and symptoms of  pe r ip he ra l  
neuropathy.  The asymptomatic slowing of sensory nerve 
conduct ion v e l o c i t i e s  precedes the development of motor  
nerve e f f e c t s  (S inger ,  Valciukas & L i l a s ,  1983) .
1 .7 .3  Animal studies
S i m i l a r l y  to the data a v a i l a b l e  in man, the studies  
performed in animals,  mainly mice and r a t s ,  have provided  
data which is incons is ten t  and c o n t r a d i c t o r y . Ear ly  
behavioura l  studies in animals tended to study locomotor  
a c t i v i t y  in response to the observat ions of  David e t  £j_ 
(1972)  i n d i c a t i n g  a r e l a t i o n s h i p  between hyperkinesis  and 
lead exposure in ch i l d r e n .  Although research in the e a r ly  
1970's suggested th a t  lead produced h y p e r a c t i v i t y  
( S i l b e r g e l d  & Goldberg,  1 973; Sauerhoff  & Michael  son, 1 973;  
Michael son & Sauerhof f ,  1974a; S i lbe rge ld  & Goldberg,  1 974;  
Goi te r  & Michael  son, 1975 ) ,  an observat ion subsequent ly  
supported by other  l ab or a t o r i es  (Overmann, 1977; Dol insky  
^  a l ,  1981) ,  th is  observat ion is not u n i v e r s a l l y  
supported.  Other groups have noted e i t h e r  no e f f e c t  of lead 
on a c t i v i t y  (Sobotka & Cook, 1974; Kostas,  McFarland & 
Drew, 1976) or e v e n h yp o ac t iv i t y  ( R e i t e r  et  a l , 1975;
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D r i s c o l l  & Stegner ,  1976; Hastings et  1977) .  Such
d iscrepanc ies  may be due to methodological  issues such as 
d i f f e r e n t  exper imental  p ro t oco ls ,  t ime period of lead 
a d m i n i s t r a t i o n ,  age of t e s t i n g  or perhaps the s p e c i f i c  
t e s t ( s )  employed. A study measuring a c t i v i t y  leve ls  in mice 
has demonstrated th a t  the e f f e c t s  of lead are not in v a r i a n t  
and are in f luenced by fa c t o rs  such as the t ime of day the  
t e s t i n g  is performed (Dol insky £ t  _a]_, 1981) .  Several
i n v e s t i g a t o r s  have examined a number of behavioural
paradigms includ ing mazes, d i s c r im in a t io n  tasks and shock-  
avoidance s i t u a t i o n s .  The a v a i l a b l e  data demonstrates a 
lead associated impaired performance in c e r t a i n  types of  
l ea rn ing  tasks (Winneke et  1977; Lanthorh & Isaacson,
1978; Laporte & T a l b o t t ,  1978) ,  although i t  has been 
suggested by one group th a t  lea rn ing may w e l l , b e  improved 
by lead ( D r i s c o l l  & Stegner ,  1976); a l t e r ed  socia l
behaviour inc lud ing changes in aggressiveness,  reduced
socia l  i n t e r a c t i o n  and stereotyped behaviour (S i l b e r g e ld  & 
Goldberg,  1973; A l l e n ,  McWey & Suomi, 1974; C u t le r ,  1977; 
Drew et  1979 ) .  I t  has been ge nera l l y  c o ns is te n t ly  noted
th a t  where lead e f f e c t s  lea rn ing tasks ,  the de f ic i enc y  is 
gr ea te s t  where the tasks are of a more complex na ture .  
Studies invo lv ing the use of lea rn ing tasks of d i f f e r e n t  
complex i ty ,  such as o r i e n t a t i o n ,  which is r e l a t i v e l y  easy,  
and s ize d i s c r i m i n a t i o n ,  a more demanding task ,  have 
demonstrated no d e f i c i t s  on easy task learn ing (Winneke ^  
a l ,  1977) .  However since performance in a learning task is 
complex and based on a number of  fu nc t ion a l  processes such 
as motor fu nc t i on s ,  m o t i v a t io n ,  sensory func t ion s ,
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c o g n i t i v e  funct ions namely memory
procèsS| i t  is not easy to pin point  which funct ion is
being a f f e c t e d ,  although c o gn i t i v e  funct ion  is thought not 
to be the d e f i c i t  (Winneke, L i l i e n t h a l  & Werner, 1982; 
Kishi  ejt aj_, 1983 ) .  I t  must be re a l i s e d  however tha t
neurobehaVioura1 studies on lea rn ing and memory in animals 
are r e l a t i v e l y  poor models of human cogn i t i ve  fu nc t ion .  I t  
has been suggested th a t  the d e f i c i t  is associated with
hippocampal damage (Jason & Kel log,  1980) .  The in f luence of 
lead on c l a s s i c a l  (Pav lov ian)  cond i t ion ing  has been
i n v e s t i g a t e d .  Adul t  ra ts  exposed to lead in t h e i r  chow
showed enhanced condi t ioned emotional  response; tha t  is 
they showed an increased frequency of l ever  pressing in 
response to a cue represent ing the occurrance of an 
e l e c t r i c  shock. However, these same animals were slower to 
l earn  t h i s  task than non-exposed animals (Nat ion aj_,
1981) .  Data obtained by Al fano & P e t i t  (1985)  suggests the
c h o l i n e r g i c  system is involved in lead induced behavioural
d i sorders .
The quest ion ar ises when in v e s t ig a t in g  the behavioural  
and lea rn ing e f f e c t s  of  lead in animals as to the age of
animals which should be employed in the study.  The main
problem of  lead exposure in man peaks at  age 1-3 years
(NAS, 1972) ,  a stage of neural  and metabol ic maturat ion
more advanced than th a t  of in f a n t  rodents.  The e f f e c t s  of
lead on ad u l t  rodents by comparison to younger animals are 
u n c e r ta in ,  wi th some authors cla iming o lder  rodents are 
I n s e n s i t i v e  to lead e f f e c ts  (Bornschein et  £l_, 1980; Jason
& Kel log,  1980; Michael son, 1980) whi le  other  studies have
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demonstrated qu i te  c l e a r  e f f e c t s  in o lder  animals (Donald 
et  a 1 , 1981; Angel 1 & Weiss, 1982 ). However, i t  is not easy 
to separate  the e f f e c t s  of lead pre-  and post-  weaning,  
since the feeding dam w i l l  impart lead to the o f fspr ing  via
the mi lk  i f  she is exposed to lead whi le  carrying her
young, even i f  not exposed a f t e r  p a r t u r i t i o n .  A study by 
Dol insky,  Bur r ight  & Donovick (1983) suggests tha t  the 
e f f e c t s  of  lead administered po s tn a ta l l y  is g rea ter  than 
those e f f e c t s  r e s u l t i n g  from in utero exposure.  Cross-  
f o s t e r i n g  experiments however would suggest a l a r ge ly  
prena ta l  e f f e c t  of lead in causing a delay in development  
of e x p lo r a to r y  and locomotor a c t i v i t y  (Crof ten e;t a 1 ,
1981) .
The l ev e l  of  exposure of the rodents is important  since 
at high l ev e l s  of exposure the observed e f fe c ts  are
confounded by u n d e r n u t r i t io n .  Nursing dams w i l l  consume 
s i g n i f i c a n t l y  reduced q u a n t i t i e s  of food and water when 
exposed to lead.
The quest ion a r i s e s  as to the r e v e r s i b i l i t y  of lead 
r e l a t e d  behavioural  changes. Krass et  £l_ ( 1980 ) studied the 
degree of recovery from lead induced neurobehavioural  
d e f i c i t s  in ra ts  a f t e r  the blood lead concentrat ion had 
decl ined back to non-exposed l e v e ls .  Fol lowing an exposure-  
f r e e  per iod of four  months, during which t ime the blood 
lead had f a l l e n ,  pers istence of neurobehavioural  symptoms 
occurred and so the quest ion of i r r e v e r s i b i I t i y  a r i se s .  I f  
indeed the neurotoxic e f f e c t s  of lead are i r r e v e r s i b l e , 
then young ch i ld ren  whose nervous system is s t i l l  
developing,  are at  great  r i s k .
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1 ,7 .4  Discussion and aims of t h i s  thes
There is no doubt that  lead is a tox ic  substance which 
in s u f f i c i e n t  q u a n t i t i e s  can cause encephalopathy which may 
r e s u l t  in permanent brain damage to babies and c h i ld re n .  
The response of  a p a r t i c u l a r  c h i ld  exposed from any source 
depends upon so i n t r i c a t e  a network of i n t e r r e l a t e d  fac to rs  
t h a t  a simple r e l a t i o n s h i p  between dosage and degree of  
i n j u r y  which would al low the r i sks  to be ca lcu la ted  has 
not ,  and possibly  cannot be es ta b l i s h ed .  As with a l l  
b i o l o g i c a l  phenomena, the s e n s i t i v i t y  of any ind iv idua l  
c h i l d  to lead exposure w i l l  vary;  never theless i t  is 
recognised t h a t  once a c h i l d  shows signs of lead 
encephalopathy,  there  is a danger th a t  permanent damage may 
r e s u l t .
None of the types of study discussed here provides  
d e f i n i t i v e  proof  th a t  lead causes,  or is a primary  
c o n t r i b u t i n g  cause of impaired i n t e l l e c t u a l  development.  
S i g n i f i c a n t  methodological  issues discussed prev iously  
l i m i t  the inferences tha t  can be drawn from any one 
approach.
The Lawther Committee (DHSS, 1980) were convinced tha t  
at two ranges of blood lead,  there  is no doubt of the 
e f f e c t  ; t h a t  is i f  the blood lead exceeded 3 . 9jjM 
(80j jg/100ml ) ,  symptoms of exposure occur.  At the other  end 
of the spectrum, they were equa l ly  convinced tha t  there was 
no convincing evidence of d e le te r i ou s  e f f e c t s  at  a blood 
lead of  less than 1.7jjM (35yjg/100ml ) .  However, the 
committee were unable to come to any conclusions regarding  
e f f e c t s  w i th in  the range 1.7 - 3.9jjM (35 - 80^g/100ml)
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al though they did recommend act ion be taken i f  a c h i l d ' s  
blood lead was of  th is  order of magnitude.  The inferences  
drawn from publ ished work d i f f e r  between reviews.  At the 
other  extreme of views,  the Conservat ion Society concluded 
t h a t  the re  was most probably no threshold  f o r  t o x i c i t y  and 
t h a t  n e u r o t o x i c i t y  was l i a b l e  i f  blood lead exceeded 0.24pM 
(5 | ig/100mi)  (Conservat ion Socie ty ,  1980 ) .  Rut ter  ( 1980 ) 
takes a middle l i n e  with respect  to the Lawther Committee 
and the Conservat ion Society .  He concludes tha t  although 
the research f i n d in g s  are somewhat c o n t r a d ic t o r y ,  there  is 
good ev idence ,  e s p e c i a l l y  from c l i n i c  type s tudies ,  th a t  a 
blood lead p e r s i s t e n t l y  exceeding 2.9yjM (60^g/100ml)  is 
probably associated with an average reduct ion of 3 - 4  
points  even in asymptomatic ch i l d r e n .  Adverse cogn i t ive  
sequelae are a lso possible wi th in  the range 1 . 9 -  2 . 9^M (40
-60^g /100ml )  but t h i s  conclusion rests  on less f i rm
fo undat ions .  The cogn i t i ve  d e f i c i t ,  when i t  occurs,  is not 
of any s p e c i f i c  type.  He is unable to draw conclusions 
where the blood lead does not exceed 1 . 9jjM (40yjg/100 ml ) .
However, i t  is noted in t h is  repor t  tha t  in the studies
using dent ine lead as an index of exposure,  the 'h ighest '  
lead group were selected from the general  populat ion and
represented the top 10% of such, and not a ra re ,  extreme
group. Therefore the data observed re fe rs  to leve ls  of  
lead exposure which had prev iously  been regarded as ' s a fe '  
or ' a c c e p t a b l e ' .  The negat ive f ind ings of Needleman et  a 1
(1979)  and Lansdown et  aj_ (1974) are not discordant  with
the h y p e r a c t i v i t y  observed by David £ t  a_l_ ( 1972; 1976 )
since the l a t t e r  authors were deal ing with a deviant  group.
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U n c e r t a i n t i e s  a r is e  in comparing Needleman's study with  
those of  o ther  i n v e s t i g a t o r s .  Findings are st rongest  with  
respect  to behaviour  whereas in other  in ve s t ig a t io n s  the  
ass oc ia t ion  between raised lead l eve ls  and behavioural  
dis tu rbance  have been both weaker and less consistent  than 
those wi th impaired i n t e l l i g e n c e .  No obvious explanat ion  
fo r  t h i s  d i s p a r i t y  is ev iden t .  A 4 point  I .Q.  d i f f e r e n c e  
with respect  to dent ine lead l eve ls  w i th in  the normal range 
suggests very much grea te r  I .Q.  d i f f e r e n c e s  should be found 
with blood lead in the range 1 .9 -3 .9^M (40-80j jg/100ml ) and 
ye t -  t h i s  has not been observed.  Nevertheless t h is  
represents an important  study and the r es u l ts  a r i s i ng  from 
i t  should not be dismissed l i g h t l y .
Studies of  ch i ld ren  l i v i n g  nearby or f a r  from an 
e x t r i n s i c  source of lead contaminat ion should c o ns t i t u te  a 
good t e s t  of  the hypothesis tha t  raised lead l eve ls  lead to 
i n t e l l e c t u a l  d e f i c i t s  or below deviance.  In f a c t  th is  has 
not proved the case p a r t l y  because very large samples are 
needed to t e s t  f o r  small d i f f e re nc es  and also because of  
incomplete report ing  and inadequate analysis  in some 
s tud ies .  However, ce r ta in  studies are consis tent  with a 
small  i n t e l l e c t u a l  d e f i c i t  associated with raised lead 
l eve ls  in the range 1.9-3.9^M ( 4 0 - 8 O^g/100ml) .  Even i f  an 
average d e f i c i t  in I .Q.  is only a few points in any group 
of c h i l d r e n ,  t h i s  impl ies more damaging impairment in some, 
and t h a t  a given dose of lead may possibly do more harm to 
the s o c i a l l y  disadvantaged c h i ld r en .  However, doubt s t i l l  
remains t h a t  even i f  i t  can be shown th a t  ch i ldren  who have 
been exposed to lead are co ns is te n t ly  less i n t e l l i g e n t  or
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CHAPTER 2
GENERAL METHODOLOGY
2.1 Animal s
2 .1 .1  ExpérimentaI  model of lead ne u r o to x i c i t y
The na ture  of the research f o r  t h i s  thesis  necessi tates  
the s e l e c t i o n  of  an animai  model  t o  s t ody  the n e u r o l o g i c a l  
e f f e c t s  of  lead exposure whicih would as c l o s e l y  as possible  
mimic those seen i n man, and more i m p o r t a n t l y  in young 
c h i l d r e n ,  the most s u s c e p t i b l e  members o f  the p o p u l a t i o n ,  
to the neurotox ic  e f f e c t s  o f  l ead.  The problems of  us i ng 
animal models of lead exposure and e x t r a p o l a t i n g  data 
obtained from animal models t o  man has been adequa t e l y  
reviewed ( S i l b e r g e l d  & Gol dber g ,  1980) .  With any animal  
model comes an inherent  pr ob l em,  namely the ex istence of  
fundamental  d i f f e r e n c e s  among spec i es .  The s e n s i t i v i t y  o f  
s p e c i f i c  organs and systems t o  lead v a r i e s  among species.
The mode of exposing the a n i ma l s ,  whi ch in t he 
experiments f o r  t h i s  t h e s i s ,  w i l l  be r a t s ,  i s an I mp o r t a n t  
co ns id e r a t io n .  From the fo l lowing p o s s i b i l i t i e s :  i n t r a -
p e r i t o n e a l ,  sub-cutaneous,  i n t r a v e n o u s ,  g a s t r o - i n t e s t i n a l  
gavage, ad d i t i on  to f ood or  wa t e r ,  or  by i n h a l a t i o n  o f  
suspended p a r t i c l e s ,  seve r a l  can be e l i m i n a t e d  i s  t he 
chosen technique f o r  v a r i o us  reasons. Fo l l o w i n g  
a d m in is t r a t i o n  of l ead ac e t a t e  by i n t r a v e n o u s ,  sub^ 
cutaneous or i n t r a - p e r i t o n e a 1 r o u t e s ,  t h e r e  i s a r a p i d  
deposi t ion  of i n s o l u b l e  l ead compounds e s p e c i a l l y  
carbonates f r om whi ch lead i s  on l y  s l o w l y  l eached,  and 
which can cause non-spec i f i c  trauma (Bischof f  & Bryson,  
1977) .  Taking i n t o  c o n s i d e r a t i o n  t he views t h a t  man is 
exposed t o  l ead p r i m a r i l y  v i a  t he oral  r o u t e  ( DHSS,  i 9 8 u ) ,  
t he chosen method of  a d m i n i s t r a t i o n  lOr  t hese exper i me j us
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w i l l  be o r a l l y ,  by ad d i t ion  of lead to dr ink ing water .  Lead 
may be administered as the c h lo r id e ,  carbonate,  n i t r a t e  or 
ac e ta te .  The n i t r a t e  s a l t  is not a common choice in 
neurochemical studies due to i t s  inherent  cardiac e f f e c t s .  
In accordance with many other  s tudies ,  the acetate s a l t  
w i l l  be employed.
One must also decide at  which age and f o r  what durat ion
of t ime the rats  should be exposed to lead.  Even wi th in  a
given species,  the t o x i c  e f f e c t s  of lead vary with age, sex 
and s p e c i f i c  organ systems. The durat ion of exposure must 
account fo r  the d i f f e r e n c e  in l i f e  span between man and the
r a t .  There is a compounding f a c t o r  concerning lead,  in t h a t
there  is a complex r e l a t i o n s h i p  between dose and dura t ion  
(Browder,  Joselow & Lour ia ,  1973) .  Acute exposure to high 
concentrat ions of lead is associated with e f f e c t s  such as 
encephalopathy,  se i z ur es ,  coma and even death,  e f f e c t s  not 
seen even a f t e r  very prolonged exposure to low lead l e v e l s .
Animals can be exposed to lead o r a l l y  e i t h e r  d i r e c t l y  or 
by i n d i r e c t  methods. The wel l  quoted method of exposing 
rodents to  lead,  th a t  of Pentshew & Garro (1966 ) ,  involves  
exposing suckl ing rodents to the metal by admin ister ing 4% 
lead carbonate to the dams. This technique d e l i v e rs  
s i g n i f i c a n t  doses of lead via the maternal  mi lk (Bornste in ,  
Michael son & Fox, 1 975 ). The regime preserves two
fundamental  aspects of lead exposure in ch i l d r e n ;  f i r s t l y ,
the ora l  route of in ta k e ,  and secondly,  the pre-weaning  
period in the r a t  e x h i b i t s  analagous brain  growth pat terns  
to the f i r s t  two years in man. The data in t h is  thesis  w i l l
be der ived from exposing rats  to lead both d i r e c t l y  and
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i n d i r e c t l y .  Mature animals are ge nera l l y  considered more 
r e s i s t a n t  to the c e n t ra l  neurotoxic e f f e c t s  and thus the  
m a j o r i t y  of  studies involve exposure of neonates and 
developing young to the meta l .  These experiments w i l l  
i nvo lve  e i t h e r  exposing the ra ts  to a lead dr ink ing  
s o lu t i on  from weaning, or a l t e r n a t i v e l y  the i n d i r e c t  
technique w i l l  be employed. Fol lowing exposure of pups in 
utero and then via maternal  m i lk ,  the young w i l l  then be 
exposed once again d i r e c t l y  to the metal .
F i n a l l y  the level  of  lead exposure must be considered.  
One must remember the l eve l  of  exposure via the d i e t  to 
which man is exposed, and the f a c t  tha t  the r a t  absorbs and 
r e t a i n s  only one tenth  th a t  of man, in order to se lec t  a 
l eve l  of  exposure in the model. There are however 
compounding f a c t o r s .  For example, i t  is known th a t  
absorpt ion of lead in rodents is not dose dependant u n t i l  
the lead concent ra t ion  is r e l a t i v e l y  high (Gerber & Wei, 
1974) .  In a d d i t i o n ,  the g a s t r o - i n t e s t i n a l  absorpt ion of  
lead in the r a t  has been ca lcu la ted  using standard ra t  
chow, and i t  has been observed th a t  these absorpt ion  
f i g u r e s  tend to r i s e  towards the values obtained in man, 
when the animals are fed on human d i e t s .  Therefore ,  from 
the fo regoing discussion,  i t  is ev ident  tha t  in 
exper imenta l  t o x i c i t y  i t  is not easy to determine an 
equivalence in exposure between the rodent and man and thus 
a compromise must be a t t a i n e d .
84
2 . 1 . 2  Housing and f e e d 1ng considerat ions
Male Sprague-Dawley rats were suppl ied by Bantln &
kingman L t d . ,  Grimston,  H u l l ,  England. The animals were
kept in e i t h e r  wire mesh s t a in less  s tee l  base or p l a s t i c
base cages and were suppl ied with food and l i q u id  ad.
l i b i t u m .  S t a i n le s s  stee l  base cages were employed as other
metals had p rev ious ly  been demonstrated to be a p o t e n t ia l
source of lead.  The rats  on a r r i v a l  were divided randomly
in to  groups and suppl ied with e i t h e r  d i s t i l l e d  water or a
so l u t ion  of lead aceta te  of a selected concentrat ion as a
dr in k ing  s o l u t i o n ,  in addi t ion to l aboratory  chow 41B. The
cages conta in ing  those animals rece iv ing d i s t i l l e d  water
were i n v a r i a b l y  posi t ioned on a rack above those animals
suppl ied wi th lead ace ta te .  This ensured th a t  no lead could
be s p i l l e d  in to  cages of animals in the d i s t i l l e d  water
cont rol  group.  S i m i l a r l y ,  the rats rece iv ing the highest
dose of lead were placed nearest  the bottom of the rack.
The lead ace ta te  so lu t ion was prepared as a concentrated
0
stock so lu t io n  {120 mM) stored at 4 C in a p l a s t i c  
conta iner  and d i l u t e d  to the desi red concentrat ion as 
requ i red .  L ight ing  and heating condi t ions were_ maintained  
as constant  as possible throughout the period of each
experiment  and animals were s a c r i f i c e d  in the morning.  
P r io r  to each animal being s a c r i f i c e d ,  the weight was 
noted.
2 . 1 . 3  Breed i ng experiments
The m a j o r i t y  of  experiments in t h i s  thesis  employed rats  
which were suppl ied with d i s t i l l e d  water or lead acetaue 
from weaning,  in which case the animals were obtained from
t he s u p p l i e r s  es weeners we i gh i ng a p p r o x i ma t e l y  50g.  
However a group of rats  were bred in the department.  The 
procedure employed in t h i s  study was as f o l l o w s : -  female  
Sprague-Dawley ra ts  weighing in the region of 150g and male 
ra ts  ( 180 - 200g ) were obtained from Bantin & Kingman Ltd.  
The females were suppl ied with d i s t i l l e d  water or a lead 
solut ion  f o r  four  weeks a f t e r  a r r i v a l .  During th is  per iod ,  
the heat ing and l i g h t i n g  were maintained constant with a 
twelve hour l i g h t  per iod to ensure th a t  the female ra ts  
came in to  oestrous r e g u l a r l y  every four  days. At the end of 
t h i s  per iod,  the females were mated on the Harem system.  
Groups of one male and four  females were al lowed to run 
toge ther  in one cage,  mating tak ing place when each female  
came in to  oestrous.  A f t e r  seven days the male rats  were 
removed from the cages. Just p r i o r  to p a r t u r i t i o n ,  ( the  
gesta t ion  per iod of the r a t  being 21-23 days) ,  the pregnant  
females were segregated into ind iv id ua l  cages and suppl ied  
with paper shavings as bedding to cover t h e i r  o f f s p r i n g .  
When born,  the young remained with the dam u n t i l  four  weeks 
old at which t ime the mothers were removed and the 
of fs p r i n g  segregated according to sex. The adul t  female  
ra ts  continued to rece ive  d i s t i l l e d  water  or the lead 
acetate  so lu t ion  throughout  pregnancy and when rear ing  
t h e i r  young. A f t e r  the young were weened the male o f fs p r i n g  
were then suppl ied with the appropr ia te  so lut ion  as 
dr ink ing f l u i d  u n t i l  being s a c r i f i c e d  at  one month post ­
wean i ng.
Al l  animals were s a c r i f i c e d  by d e c a p i t a t i o n .  A sample of  
blood and femur were removed f o r  lead an a ly s is .
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2 . 1 . 4  Bra i n d isse c t ion
The s k u l l s  of  the rats  were opened and the brains
removed i n t a c t .  Freehand dissect ion was then ca r r i ed  out as
r a p i d l y  as poss ib le .  The areas of ra t  brain which were
studied in a l l  experiments were the cerebel lum,  midbra in,
(cere LTum)
diencephalon and t e lencepha1onX Plate 1 shows these  
regions in the i n t a c t  brain and the procedure employed to
obta in them is descr ibed d i ag r a m a t i c a l l y  in f i g u r e  2 . 1 .
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Figure 2 .1  Schematic representa t ion  of  the
procedure employed to d1ssect the r a t  brain
(a )  The r a t  brain  was placed on the bench with the  
hemispheres fac ing  uppermost. Using a sc a lp e l ,  the 
hemispheres were c a r e f u l l y  dissected away from each 
other  and from the cerebel lum to expose the 4 c o l l i c u l i  
of the mldbra ln .  Cuts l ab e l l ed  1 and 2 In the diagram 
were then made, thus separat ing the h i ndbra in ,  mldbraln  
and f o r e b r a l n .
(b)  Using a scalpel  the cerebel lum is r e a d i l y  dissected  
from the brainstem (cut  3 ) .
(c )  With the underside of the fo re br a ln  uppermost a 
block is d issected out of the t issue  as shown by cut 4.
CEREBELLUM
BRAINSTEM
*
B 
C
*
AAAMILLARY
BODIES
OPTIC CHIASM
HYPOTHALAMUS
Pla te  1 Photographs o f  r a t  bra in showing the regions
to be studied.
The photographs showthe upper s i de of  the ra t  whole 
brain  (a )  i l l u s t r a t i n g  the cerebel lum,  midbrain and 
te lencephalon regions.  (b)  shows the underside 
d e p i c t in g  the diencephalon.
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2 . 2  Blood 1ead ana lys i s
Whole blood lead concentrat ions were measured by
f lame less  atomic absorpt ion spectrophotometry (Perk in-E lmer
703 wi th HGA 500 and AS-1 autosampler or Perkin-Elmer 306
wi th an HGA 72 f u rn ac e ) .  Blood, co l l e c ted  in l e a d - f r e e
po lys tyrene or polypropylene tubes containing e i t h e r
potassium e t hy le ne d i am in e t e t ra ac e t ic  acid (EDTA) or sodium
0
hepar in as an t icoagu lan t  was stored at  4 C u n t i l  an a l y s i s .
I t  has p r ev ious ly  been demonstrated tha t  no appreciable
absorpt ion of  lead onto the conta iner  mate r ia ls  occurs
during storage under these condi t ions.  (Moore & Meredi th ,
1977) .  At the t ime of ana lys is ,  the samples were mixed f o r
at  l e a s t  45 minutes to make ce r t a in  th a t  the lead was
evenly d i s t r i b u t e d  throughout the sample. A f t e r  mixing,  a 1
in 10 d i l u t i o n  of each sample was prepared in t r i t o n  X-100
( in  d u p l i c a t e ) .  Assay c a l i b r a t i o n  was by the technique of
matr ix  matching.  A commercial ly a v a i l a b l e  lead n i t r a t e
standard (4.8mM; Img/ml) was added to whole human blood and
0
the standards a l iquoted before being stored at  -20 C. A set  
of standards was then carr ied  through the assay ( in
d u p l i c a t e )  wi th each batch of samples.
Each tube conta ining e i t h e r  sample or standard was
capped and mixed on a w h i r l im ix er  fo r  a few seconds before  
being analysed fo r  lead content by atomic absorpt ion.
P-E 703 The autosampler was set to i n j e c t  a volume of 20y 1 
into the fu rnace ,  and to sample each cup twice .  The furnace  
was programmed as in ta b le  2 . 1 .  The absorbance due to lead 
a tomisat ion  was recorded on a Perkin-Elmer  706 single pen 
recorder  from which the peak heights were manual ly
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measured. The average absorbance of the two readings from
each cup was used In ca lcu la t in g  the lead concentrat ion
except where they d i f f e r e d  g rea t ly  in which case the cup 
was r e -a na ly se d .
P-E 306 Sample volumes of 20|il were in jected  manually into  
the fu rnace .  The condi t ions employed are shown in ta b le  2.1 
and again absorbances were manually measured from a Perk in -  
Elmer 706 reco rd er .
A standard graph was constructed by p l o t t i n g  blood lead 
concent rat ion  versus atomic absorpt ion absorbance fo r  each 
s t an d ar dr  absorbances being corrected f o r  blank values
( f i g u r e  2 . 2 ) .
Al l  g lassware,  p i p e t te  t i p s ,  autosampler cups and tubes  
used in the analys is  were soaked in 50% n i t r i c  acid 
( ' a n a l a r  g r a d e ' )  overnight  before being r insed with
d i s t i l l e d  water  and dr ied in an oven p r i o r  to use.
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Fi gur e  2 . 2  Standard graph fo r  the c a lc u la t i o n  of  
blood lead concentrat ion.
Example of  a c a l i b r a t i o n  graph fo r  the c a lc u la t i o n  of  
blood leaid es t imat ion .  Each point  represents the  
average of  2  es t imat ions .
Table 2.1 Programmer set t ings fo r  blood lead 
H6 A 500
Stage Temperature Ramp time Hold time Gas
(^C) (sec) (sec) f  1 ow
drying 1 0 0  2 0 1 0
ashing 540 25 15
atom i s a t  ion 2300 4 5 1 0
clean i ng 2500 3 2
3 seconds p r i o r  to atomisat ion the recorder  is i n i t i a t e d
and the base l ine  se t .
HGA 72
Stage Temperature Time
(Gc) (sec)
drying 1 0 0 2 0
ashing 450 2 0
atomi sa t ion 2040 4
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2 .3  Bone Lead Analysis
Rat femur lead content  was measured by the method of
Wit tmers,  A l i ch  & Aufderheide (1981) .  Bone samples were
dry-ashed,  d issolved and analysed d i r e c t l y  f o r  lead content
by e l e c t r o t h e r m a l  atomic absorption spectrophotometry.  This
technique is prone to severe negat ive bias owing to
i n t e r f e r e n c e s  from the complex sample matr ix  of  bone. These
e f f e c t s  can be minimised by employing the method of s e r i a l
a d d i t i o n s ,  but ana lys is  time is g r e a t ly  increased.  Several
reports  have been publ ished expressing the usefulness of
lanthanum in overcoming th is  in te r fe r en ce  problem
(Bertenshaw,  Gelsthorpe & Wheatstone, 1982) .  The technique
employed in t h i s  thes is  involves the addi t ion  of  lanthanum
ions to both the standard solut ions and bone ash in order
to measure the lead content without  e x t r a c t i o n .
The bone samples were scraped to remove any adhering
t i s s u e ,  weighed and placed in a c r u c i b l e ,  before being 
0
dr ied  at  100 C to constant weight in a muff le  furnace .
A f t e r  recording the dry weight of each bone, they were
0
ashed in a muf f le  furnace at 450 C again to constant  
weight .  When ashed the bones had turned completely whi te .  
The temperature was selected to avoid loss of lead by 
v o l a t i s a t i o n  of the sulphide or ch lor ide  s a l t .  (Middleton  
& Stuck l e y ,  1 953; Gorsuch, 1 962; Kel low, k o s t i a l  & 
Har r ison ,  1975) .  The ash weight was obtained and the 
samples were ground to a f i n e  powder in an agar mortar .  2 0 - 
25mg of  each bone powder ( in du p l i ca te )  was dissolved in 
0.5ml of  9.4M n i t r i c  acid ( ' a r i s t a r  g rad e ' )  and d i l u t e d  
with 1.5ml of d i s t i l l e d  wate r . A 0.2ml port ion of th is
q
dissolved bone so lut ion  was t rans fe r r ed  to a polystyrene
autosampler  cup and d i lu te d  with 1 m1 of d i s t i l l e d  water
conta in ing  8 5 ^ g / m l  lanthanum ion (3.1mM). The lanthanum
ion was prepared as a stock solut ion consist ing of 2 g
lanthanum oxide dissolved in 150ml of n i t r i c  acid and
d i lu t e d  to 1 l i t r e  with d i s t i l l e d  water .  This y ie lded a
stock so lu t ion  conta in ing 1,705^g/ml lanthanum ion (5.2mM)
which was d i l u t e d  1 in 2  with d i s t i l l e d  water to produce
3 +
the working so lut ion  containing 853^g/ml La . The purpose 
of the lanthanum ion was to suppress matr ix  in te r fe ren ces  
caused by other  ions present in the bone.
A c a l i b r a t i o n  graph was constructed using lead standard  
s o l u t i o n s : -  0,  2,  4,  8  yjg lead/ml standards were f r e s h l y
prepared f o r  analys is  by p ip e t t in g  0, 0 . 2 ,  0.4  & 0 .8  ml of
a commercial ly a v a i l a b l e  lead standard so lut ion (4.8mM;
Img/ml)  in to  1 0 0 ml volumetr ic f l a s k s ,  adding 1 ml
concentrated n i t r i c  acid ( ' a r i s t a r '  grade) and d i l u t i n g  to 
volume wi th d i s t i l l e d  water .  2 0 ^ 1  of each standard ( in  
d u p l i c a t e )  was then t r an s fe r re d  to an autosampler cup
conta in ing 1 m 1 of  working lanthanum solut ion  (853jug/ml ) .  
The r e s u l t i n g  standards contained 0 . 0 , 39 .2 ,  78.4 & 156.9
ng le a d /m l ,  which are equiva lent  to 0 .000 ,  0 .189 ,  0 .377 &
0.756 A t y p i c a l  c a l i b r a t i o n  curve can be seen in f i g u r e
2 . 3 .
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The bone samples and standard solut ions were analysed by 
f lame less  atomic absorpt ion spectrophotometry (Perkin -E lmer  
703 wi th HGA 500 and AS-1 autosampler) .  The furnace was 
programmed as shown in tab le  2 .2 .  The AS-1 autosampler was 
set to i n j e c t  a volume of 2 0 j j l  into the furnace ,  and to 
sample each cup twice .  The average absorbance of the two 
readings was used in subsequent c a lc u la t io ns  except where 
the two absorbance readings d i f f e r e d  by g rea te r  than 4 mm on 
the char t  recorder ,  in which case the sampling of the cup 
was repeated .  Absorbance readings were recorded using a 
Perk in-Elmer  706 s ingle  pen chart  recorder .  Calcium 
deposi ts  which b u i l t  up on the wal ls of the furnace tube 
and cones and i n t e r f e r e d  with the lead signal  (Okuno,  
Whitehead & White,  1978) ,  were r e g u la r ly  removed by 
abrasion.
A l l  g lassware,  c r uc ib le s ,  sample cups and p i pe t t e  t i p s  
used in the analys is  were made lea d - f r e e  by soaking in 7.8M 
n i t r i c  acid ( ' a n a l a r  grade ' )  overn igh t ,  r ins ing  with  
d i s t i l l e d  water before drying in an oven.
In p r e l i m in a r y  experiments,  the v a l i d i t y  of u t i l i z i n g  
lanthanum ion to minimise matr ix  in te r fe rences  was 
i n v e s t i g a t e d .  The lead content of several  bone samples was 
determined by the method of standard a d d i t i o n s . -  once 
again ,  20-25mg of bone ash was dissolved in 0.5ml n i t r i c  
acid (9 .4M)  and d i lu te d  as before with 1.5ml of d i s t i l l e d  
water .  0 . 2 ml of the dissolved bone ash was p ipet ted Into  
each of 8  autosampler cups . To 6  sample cups 20, 40 & uO^l 
of the 2 pg/ml lead standard was added ( in  d u p l ic a t e )  and 
a i l  cups were d i l u t e d  to 1 ml with the 853^g/ml working
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s o l u t i o n .  Figure 2 .4  shows a ty p i c a l  c a l i b r a t i o n  l in e  
obtained by t h i s  procedure and fo r  comparison the l in e  
obtained using aqueous standards.  There is no s i g n i f i c a n t  
d i f f e r e n c e  between the slopes of these two l ines  at the 1 % 
s i g n i f i c a n c e  l e v e l .
Table 2 .2  HGA 500 programmer set t ings fo r  bone lead
Stage Temperature
0
( C)
Ramp time 
(sec)
Hold time 
(sec)
gas
f low
drying 1 0 0 7 2 0
ashing 500 7 2 0
atomisat ion 2500 7 5 1 0
c leaning 2500 2 1
2  seconds p r i o r  to a tomisat ion ,  the recorder  is i n i t i a t e d  
and the base l ine  set .
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F iQare 2 .4 Comparison of an aqueous c a l i b r a t i o n
curve with s e r i a l  ad d i t ion .
Comparison of an aqueous c a l i b r a t i o n  graphrepresented
by the t r i a n g l e s  with a curve constructed by s e r i a l
a d d i t ion  techniques - c i r c l e s .  S t a t i s t i c a l  analysis
demonstrates the slopes of the 2  l i nes  are not
s t a t i s t i c a l l y  d i f f e r e n t .  Each point  represents the mean 
of 2  observa t ions .
2.4  Tissue lead ana lys is .
A 1 in 5 d i l u t i o n  of each t issue homogenate was prepared  
in 0.025% (w/v )  t r i t i o n  X-100.  The lead content of each 
sample was then quant i t a ted by d i r e c t  i n je c t io n  of 2 0 ^ 1  
i n to  an HGA 72 f lameless atomisat ion furnace which was 
employed in conjunct ion with a Perkin-Elmer 306 atomic 
absorpt ion spectrophotometer .  The furnace condi t ions
employed were as d e ta i l ed  fo r  blood lead est imat ion ( t a b l e  
2 . 1 ).
A standard curve was prepared based on peak he igh t ,  by 
the method of  standard addi t ions .
2 .5  Water lead measurements
Analys is  of domestic water samples fo r  lead content was 
performed by the St rathclyde Regional Council l a b or a t o ry ,  
the method employed being described below.
1 0 0 ml port ions of each a c i d i f i e d  domestic water sample 
were concentrated by evaporat ion to a volume of 10+5ml in 
covered,  glass beakers,  before being d i lu te d  to 25ml with  
d i s t i l l e d  water  in ca l ib ra te d  ' l e a d - f r e e '  f l a s k s .  Each 
batch of  water  samples included b lank(s)  and lead so lut ions  
of known co nce nt r a t ion ,  which were t rea ted  in an i d e n t i c a l  
manner to the unknown samples. Lead q u a n t i t a t i o n  was 
performed by f lame atomic absorption spectrophotometry by 
d i r e c t  a s p i r a t i o n  of each t rea ted  sample, blank or lead 
so lu t ion  into the a 1r - a c e t y 1ene f lame.  Standard lead 
so lut ions  were also aspirated into the atomic absorpt ion  
spectrophotometer  and from these a standard c a l i b r a t i o n  
curve was constructed.  Pre l iminary experiments had 
demonstrated th a t  the process of evaporat ion and re -
d i l u t i o n  did not a f f e c t  the c a l i b r a t i o n  curve.  The 
concentra t ion  of  lead in each unknown sample was then read 
from the graph and corrected fo r  the absorbance of the  
blank.  A l l  glassware and other equipment employed 
throughout  the assay was prepared ' l e a d - f r e e '  in a s i m i l a r  
manner to t h a t  described in previous assays involv ing lead 
q u a n t i t a t i o n .  Samples of lead concentrat ion less than 
0.05|iM were not able to be quant i ta ted by th is  method as 
d e s c r ib e d .
2 . 6  Blood cadmium analysis
Blood cadmium concentrat ion was determined by carbon
furnace atomic absorpt ion spectrophotometry.  Whole blood
was c o l l e c t e d  in polystyrene tubes containing potassium
e t h y l e n e d i a m i n e t e t r a a c e t i c  acid (EDTA) as ant icoagulant  and 
0
stored at  4 C u n t i l  cadmium analysis could be ca rr i ed  out .  
The an a ly s is  was carr i ed  out by the Department of  
Patho log ica l  Biochemistry,  Glasgow Royal In f i rmary  using 
the procedure s i m i l a r  to that  described by Stoeppler  & 
Brandt ,  1978; 1980) .
A l l  g lassware,  tubes and autosampler cups employed in 
the assay were soaked in 2 0 % n i t r i c  acid ( 'anal .ar  grade ) 
f o r  one hour,  then rinsed in deionised water p r io r  to use.  
Blood samples were mixed fo r  at least  f i f t e e n  minutes 
before ana lys is  (Denley Spi ramix) .  300^1 whole blood was 
t r e a te d  wi th an equal volume of 1 0 % n i t r i c  acid ( a r i s t a r  
g r a d e ' )  in LP3 tubes.  A f te r  thorough mixing,  the tubes were 
capped and ce n t r i fuged  at 2 , 5 0 0 rpm fo r  f i f t e e n  minutes.  The 
de pr o te in i se d  supernatant  was then t r an s f e r re d  to an 
autosampler  cup to be loaded onto the autosampler t r a y .
96
or eacn sample was in jected into the carbon furnace.  A 
reagent  blank was prepared by replacing the blood with  
d i s t i l l e d  water  in the above procedure.  C a l ib ra t i o n  was 
achieved by the technique of matr ix  matching- addi t ion of  
cadmium n i t r a t e  standard to whole human blood. The
standards were prepared as shown in tab le  2 . 3 , and stored
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at -20 C f o r  up to six months in 0.5ml a l i q o t s .  A set of
standards was then analysed with every batch of samples.
The ins t rumenta t ion employed to measure the cadmium
content  was a Perkin-Elmer 370 atomic absorpt ion
spectrophotometer  with deuterium arc background correc t ion
and HGA 76 carbon furnace with AS-1 autosampler.  The
instrument  condi t ions  fo r  analysis can be seen in tables
2.4  & 2 . 5 .  Absorbance signals were recorded as peak height
on a pen recorder  set at a f u l l  scale d e f l e c t i o n  of 10
m i l l i v o l t s .  A standard graph was constructed of peak
height  aga inst  cadmium concentrat ion of standard,  from
which the cadmium concentrat ion in each sample was read.
The method was l i n e a r  over the range 0-90 nanomoles cadmium
per l i t r e .  Samples e x h ib i t i ng  a higher concentrat ion than
t h i s  were d i l u t e d  in d i s t i l l e d  water p r io r  to ana lys is ,  and
Cc.v.'i
r e -a na lysed .  The wi thin  batch prec is ion at low cadmium 
l ev e ls  was 9.1% (mean + S.D. of 2 H 2  nmol /1,  n = 20) and 1.9% 
at high blood cadmium levels  (mean + S.D. of 213+4 nmol /1,  
n=20) .  Between batch precision was 22.9% at  low cadmium 
l eve ls  (mean + S.D. of 23+5 nmol /1,  n=20) and 10.6% at high 
cadmium l e v e l s ,  (mean + S.D. of 222+23 nmol /1,  n=20).
The recovery of added cadmium was s a t is f a c t o r y  and 
comparison of resu l ts  using an a l t e r n a t i v e  f luorescence
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technique (Michel  et  a^, 1979) was acceptable .  In a d d i t io n ,  
p a r t i c i p a t i o n  in two external  q u a l i t y  control  schemes -a 
Nat iona l  q u a l i t y  cont rol  scheme (SAS) and a European scheme 
(lUPAC) ind ica ted  tha t  the method was of a s a t i s f a c t o r y  
l e v e l .
Table 2 .3  Preparat ion of standards fo r  blood
cadmium q u a n t i t a t i o n .
Standard 0 1 2 3 4 5 6
ml Cd(N03)
- 0.5mg 0 
Cd/1
0 . 1 0 . 2 0 . 4 0 . 6 0.9 1 . 0
ml
blood 50.0 49.9 49.8 49.6 49.4 49.2 49.0
cadmium 
concn.
( nmo1 / 1 ) 0 8 .9 17.8 35.6 53.4 71 .2 89.0
- stock cadmium n i t r a t e  prepared from a commercial  
standard (BOH - 1 mg/1) ,  d i lu t ed  1 : 10 fol lowed by 1 : 200 
to produce a cadmium concentrat ion of 0 .5mg/ l .
Standards were prepared in acid-washed polypropylene f l asks  
and stored in 0.5ml a l iquo ts  at -20 C fo r  up to 6  months.
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Table 2 .4 HGA 75 programmer se t t  i nos f o r
cadmium analys i s
Stage Temperature Rate Time Add i t iona l
OrC { sec ) condi t ions
drying 1 0 0 2 20
ashing 350 1 1 0 auto zero
atomisat  ion 1900 0 5 purge gas stof
c leaning 2400 0 5
Table 2 .5  Spectrophotometer condi t ions
f o r  cadmium analys is
wavelength  
lamp current  
mode
s l i t  s e t t i n g  
purge 3 4 s .
background correct ion  
sample volume
228.8 nm 
5 mA 
absorbance 
0.7  nm 
argon 
on
2 0 . 0  yjl
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2 .7 ins t rumentat ion : - h igh-pressure 1 i q u i d
c h ro m a t o g r a p h y  ( HPLC)
2 .7 .1  Genera 1 considerat lons
The a n a l y t i c a l  technique of high-pressure l iq u id  
chromatography (HPLC) w i l l  be employed in order to measure 
several  parameters in the research fo r  th is  thes is .  The 
terms high-per formance and high-speed are synonymous with  
h igh -pressure -  The basic components of an HPLC system are 
i l l u s t r a t e d  d i a gr am at ic a1ly in f ig ur e  2 . 5 .
HPLC, as a separat ion technique is ra p i d ly  gaining  
p o p u la r i t y  over t h i n - l a y e r  (TLC) and gas chromatography 
(GC) and is extremely useful  when combined with a s e l e c t i v e  
d e te c to r  e x h i b i t i n g  low detect ion l i m i t s .  The solvent  or  
mobile phase t r a v e l s  through the column at a constant r a t e .  
The sample is introduced onto the column via the i n j e c t o r  
and i t s  components are separated according to d i f f e re nc es  
In t h e i r  molecular  groups. Such components d i f f e r i n g  in 
t h e i r  d i s t r i b u t i o n  between the s ta t ionary  phase (column 
packing)  and mobile phase, migrate through the column at  
d i f f e r i n g  r a t e s .  Each separated component e lutes from the 
column and passes through the de tec tor  as a 'band' .  The 
de tec tor  then sends an e l e c t r i c a l  signal  to the recording  
instrument  where i t  is measured as a dev ia t ion  from a 
basel ine  to produce a chromatogram.
2 . 7 . 2  Co Iumn
Al l  experiments in th is  thesis  w i l l  employ a s ta in l ess
s tee l  column of  dimensions 250 X 4.6mm I . D .  which w i l l  be 
s lu r r y  packed at a pressure of 7 .5kpsi  using a Shandon
column packing pump (Shandon Southern Products L t d . ,
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Cheshi re.  England) with Spherisorb 5^m CDS packing 
m a t e r i a l .  Column packing was performed according to the 
recommendations of Shandon Southern Products Ltd; that  is 
3.8g packing m ate r ia l  w i l l  be u t i l i z e d  per column and 
propan- 2 -o l  employed as both s lu r ry  and packing solvent .  
Condi t ion ing of  each column w i l l  be achieved using methanol 
and water  in the r a t i o  1:1 ( v / v )  p r io r  to use. U l t im a t e ly ,  
since the main concern is the column's a b i l i t y  to perform a 
desi red se pa r a t io n ,  i t  is useful  i f  each column packed is 
compared only b r i e f l y  with i t s  predecessor.  To th is  end, a 
mixture  of amino acids -c y tos ine ,  adenine and guanine w i l l  
be separated on each column under standard cond i t ions,  - 
mobi le phase: -  
0.01 M potassium dlhydrogen orthophosphate
0.01 M heptane sulphonic acid 
- pH 2.9
95% of  above bu f fe r  : 5% a c e t o n i t r i l e  ( v / v )  
f low rate  2  ml /minute  
From t h i s  chromatogram, a ty p i ca l  example of which is 
shown in f i g u r e  2 . 5 , the number of t h e o r e t i c a l  plates can 
be c a lc u la te d  from equation 2 . 1 . ^
Th eo re t i ca l  p l a t es ,  N = 16 ( t  )
2
W
-Equat ion 2.1
where t  is the re tent ion time of the peak in seconds
and W the peak width also in seconds. Figure 2.7
i l l u s t r a t e s  these parameters used in the equat ion.
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Figure 2 ,6  Typical  example of £  t e s t  chromatogram.  
Test chromatogram employed to evaluate the q u a l i t y  of  a 
column. Cytosine,  adenine and guanine were in jected  
onto the column using condit ions described in the t e x t ,  
and moni tor ing at  340nm. I l l u s t r a t e d  are the parameters 
used to c a l c u l a t e  the number of t h e o r e t i c a l  p l a t es -
w -  peak width in seconds
w -  width of  the peak at  h a l f  maximum height  in 
1 / 2
seconds ( a . i t a r n a . b i v i a  i.o ^
t-p -  r e te n t io n  time of the peak also in seconds.
detector
response
 ^ t  time [secs Iinjection
Figure 2 .7 Parameters used to ca lc u la te  the number 
of t h e o r e t i c a l  plates 1 n ja col umn.
The peak shown in the diagram is expanded in width f o r  
c l a r i t y .
W represents the peak width inseconds 
t r  the r e t e n t io n  time also in seconds.
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Figure 2 . 8  S t ructure of the s t a t ionary  phase of  
g reverse-phase column.
Schematic representat ion of the octadecyIsiiane groups 
(ODS) c o n s t i t u t i n g  the s ta t ionary  phase of the HPLC
column.
s t a t i o n a r y  phase ( the degree of re ten t ion being dependant  
on the sp e c i e s ) .  This technique termed ionic suppression is 
expla ined in equat ion 2 . 2
R-COOH ------- - - >  R-COO + H
< -----------
< - -------------------------   bu f fe r  dr ives
e q u i 1 i brium to l e f  t  
- Equation 2.2
■However, over the pH range employed in reverse-phase
chromatography - pH 2 . 5 - 9 . 0  (outside th is  pH range the 
s i l i c a  support  is a l t e r e d ) ,  strong acids and bases remain 
in t h e i r  ionic  form and are there fo re  poorly re ta ined or
e lu te  as skewed peaks. A second technique is th e r e fo re
requ i red  i f  these are to be separated.  Pai red- ion
chromatography involves inclus ion of a large organic  
coun te r - io n  in the mobile phase, the nature of th is
co un te r - ion  depending on the solutes to be separated.  Basic 
solutes can be separated by employing a l ky l  sulphonates;  
whi le f o r  a c id ic  so lutes ,  a quaternary amine may be used as 
the c o u n t e r - io n .  Sodium octyl  sulphate w i l l  be used as an 
i o n - p a i r i n g  agent in the chromatographic system. Thus
p a i r e d - i o n  chromatography, whose development can be
a t t r i b u t e d  to S c h i i i  and his co-workers (Eksborg e_t a 1 , 
1973) ,  is a means to separate i on i c  species on a reverse-  
phase system by fo rc ing the i on i c  solutes to behave as non­
ionic  mo ie t i es  with some l i p o p h i l i c  c h a r a c t e r i s t i c s .  This 
technique is  known under a va r ie ty  of synonymous terms
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' s o a p  chromatography'  - Knox  & L a i r d  ( 1 9 7 6 )
' l o n - p a i r  chromatography'  - F r a n s s o n  ^  a l  ( 1 9 7 6 )  
' s o l v en t - ge ne r a t e d  (dynamic) ion-exchange
- Kraak,  Jonker & Huber (1977) ;  Te rwe i j -Groen , 
Heemstra & Kraak (1978)
' P a i r e d - i o n '  - Waters associates
'de te rgent -based cat ion-exchange'  - Kraak et  aj_ (1977)
' so lvophobic - ion  ' - Hoffman & Liao (1977 )
' s u r f a c t a n t '  - Tomlinson, J e f f e r i e s  & Ri ley (1978)  
' h e t a e r i c  chromatography'  - Horvath et £l_ ( 1 977)
Such a v a r i e t y  of nomenclature indicates  the uncer ta inty
which e x is t s  by which re ten t ion of an ionised solute is
e f f e c te d  by ion pa i r ing  mate r ia ls  on the chromatographic
column. There are b a s ic a l l y  two hypotheses-
1. The e l u a t e ,  present in i t s  ionic form, combines with the 
counte r - ion  in the mobile phase -equat ion 2 .3 .
+  -  +  -  0
sample + counter - ion  <--------  [sample counter - ion ]
 >
- equation 2.3
t h is  complex then behaves as an e l e c t r i c a l l y  neutral  and 
l i p o p h i l i c  compound. The extent  to which the ionised sample 
and co un te r - io n  form a complex e f fe c ts  the degree to which 
the complex p a r t i t i o n s  into the bonded, hydrophobic 
s t a t i o n a r y  phase. The more l i p o p h i l i c  the io n - p a i r  complex,  
the g r e a t e r  w i l l  be i t s  a t t r a c t i o n  fo r  and re ten t ion on the 
non-polar  s t a t i o n a r y  phase.
Or a l t e r n a t i v e l y ,
2 . the l i p o p h i l i c  counter - ion is adsorbed onto the reverse-
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I u a unephase surTace with i t s  ionic group or ien ta ted  towa 
s u r f a c e .  i he col umn t hen behaves in a manner  ak i n  t o  an 
l on-exchanger ,  with t he  charged sample ions p a r t i t i o n i n g  
between the mobi le phase and the s ta t ionary  phase.
The main e q u i l i b r i a  that  are general l y  recognised to be 
important  in separat ion are as fol lows -
(a)  i o n - p a i r i n g  in the mobile phase
+ -
sample m + counte r - ion  m ------- >
+  -  0 
[sample counter - ion ] pa i r
m
fo l lowed  by r e v e r s ib le  binding to the non-polar  surface
+ -  + - 
[sample counte r - ion  ]m -------> [sample counter - ion ] s
(b)  dynamic ion exchange - the solute forms a complex wi th  
the c o un te r - io n  al ready adsorbed onto the non-polar  surface
+  -
sample m + counter - ion  s ------- >
+
[sample counter - ion ]
s
(c)  dynamic complex exchange - metathesis exchange of  
so lu te  between the io n -pa i r ing  agent bound to the column 
and the i o n - p a i r  formed in the mobile phase
[sample counte r - ion  ] s + counter - ion s - >
[sample counte r - ion  ] + counter - ion ^
-where the subscripts 'm' and 's '  represent  mobile and
S ta t io n ar y  phase re sp ec t i ve ly .
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I t  i s  no t  known wh i c h  o f  t h e  above mechani sms r e p r e s e n t s  
the method of so lute  r e t e n t i o n  and perhaps Melander & 
Horvath (1980)  are co r r e c t  in concluding th a t  the above 
mechani sms represent  l i m i t i n g  cases and the r e te n t i o n
process is not expected to fo l lo w  any one or other
mechanism over a wide range of chromatographic co nd i t ions .
2 . 7 . 3  Pump
The pump in the HPLC system must d e l i v e r  a cont inuous,  
uni form,  p u l s e - f r e e  f low of solvent  through the
chromatographic system. For t h i s  purpose an A l tex  110
r e c i p r o c a t i n g  piston pump w i l l  be employed. In a d d i t i o n ,  a
pulse dampener w i l l  be incorporated to minimise
f l u c t u a t i o n s  in f low ra te  and thus s t a b i l i z e  the de tec to r  
b a se l in e .
2 . 7 . 4  In j  ec to r
The sample w i l l  be Introduced onto the column by means
of a Rheodyne 7010 or 7125 syr inge loading sample i n j e c t i o n  
valve (Rheodyne I n c . ,  Berke ley ,  USA). T y p i c a l l y ,  sample 
loops employed w i l l  be e i t h e r  50|j 1 or 100| i l .
2 . 7 . 5  So I vent
The mobi le phase composit ion w i l l  vary wi th the assay
and cond i t ion  of column at the t ime of ana ly s ts .  However,  
the general  procedure employed to make up a l l  solvents f o r  
HPLC use f o l l o w  a s i m i l a r  pa t t e r n  -
Buf fe r  is prepared by d i sso lv ing  the s a l t  in d i s t i l l e d  
water which has been r e d i s t i l l e d  from a l k a l i n e  potassium 
permanganate in order  to ox id ise  any im p u r i t i e s  in the  
water .  This procedure helps to s t a b i l i z e  the basel ine
(minimise the de te c to r  noise)  and hence increase
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s e n s i t i v i t y .  A f t e r  ad jus t ing  the hydrogen ion concentrat ion  
to the desi red  pH, the b u f fe r  is f i l t e r e d  through a 0.45um 
membrane using m i l l i p o r e  vaccuum apparatus ( M i l i i p o r e  S .A . ,  
Molshein,  France) .  The organic m o d i f i e r ,  which in these 
experiments w i l l  be methanol ,  is f i l t e r e d  through a 1um 
membrane before being combined wi th the f i l t e r e d  bu f fe r  in 
the desi red r a t i o .  A f te r  ad d i t ion  of the io n -p a i r in g  agent ,  
the solvent  w i l l  be degassed by hel ium displacement ,  before  
being pumped through the column. The r e l a t i v e  proport ions  
of b u f f e r  and methanol w i l l  vary with ap p l i ca t ion  and 
column co nd i t i on s .  B a s i c a l l y ,  r e te n t i o n  times of solutes  
w i l l  decrease with increas ing methanol content .  In the 
same manner, increasing concent rat ions of sodium octyl  
sulphate cause solutes to be re ta ined  by the column to a 
g r e a te r  e x t e n t ,  but only up to a c e r t a i n  concentrat ion of  
i o n - p a i r i n g  agent ,  above which the re te n t i o n  of solutes is 
not a f f e c t e d .
2 . 7 . 6  Detector
The recent  advances in column technology (Majors,  Barth 
& Lochmul ler ,  1982) have meant th a t  the major l i m i t a t i o n  of  
l i q u i d  chromatography is the s e n s i t i v i t y  of  the de tec tor  
system. Combining the very small  ex t ra  column dead volumes 
with e lect rochemica l  detectors which have dead volumes in 
the order of m i c r o l i t r e s ,  the technique of HPLC:ECO (LCEC) 
is very a t t r a c t i v e .  The p o s s i b i l i t y  of using 
e lec t roc he mis t r y  to monitor the e f f l u e n t  from a 
chromatographic column has been recognised since the 1950's 
(Kemula, 1952) .  The main c h a r a c t e r i s t i c s  of a good detector  
are s e l e c t i v i t y ,  s e n s i t i v i t y ,  noise and l i n e a r  range. Each
107
c h a r a c t e r i s t i c  w i l l  be def ined and discussed b r i e f l y  wi in  
regard to the system to be employed in these experiments - 
S e l e c t i v i t y : A no n -s e le c t i v e  d e t e c t o r ,  f o r  example a
r e f r a c t i v e  index d e t e c t o r ,  responds to sample components of 
a l l  types whereas a s e l e c t i v e  d e te c to r  responds only to a 
c e r t a i n  type of  compound. An e lec t rochemica l  de tec tor  is
s e l e c t i v e  since the compounds must be e l e c t r o a c t i v e  to be
de tec ted .  This f e a t u r e  is e s p e c i a l l y  important in 
s i t u a t i o n s  where the samples to be analysed are of a 
complex nature conta in ing  not only the components of
i n t e r e s t  bu t ,  in a d d i t i o n ,  other  compounds of p o te n t i a l  
i n t e r f e r e n c e ,  as is the case with many b i o l o g i c a l  samples.  
S e n s i t i v i t y : Def ined as the slope of a p l o t  of de tec tor
response versus sample co nc e nt ra t i on ,  and w i l l  depend on 
the type of sample being analysed.
Noise : Random or pe r io d ic  pa t te rn  superimposed on the
s t e a d y - s t a t e  background signal  and represents the summation 
of spurious c o n t r ib u t i o n s  from pump p u ls a t io n s ,  f low  
hydrodynamics,  c e l l - s u r f a c e  r e a c t i o n s ,  s t a t i c  e l e c t r i c i t y ,  
power l i n e  no ise ,  e l e c t r o n i c  a m p l i f i c a t i o n  e f f e c t s  
e t c e t e r a .
Noise and s e n s i t i v i t y  lead to a q u a n t i t y  termed minimum 
detec tab le  q u a n t i t y  (MDQ) or de tec t ion  l i m i t  which is 
def ined as the amount of sample th a t  produces a basel ine  
s h i f t  of  twice  the standard de v i a t io n  of the noise.
Linear  range : Range in which the de te c to r  signal  is
d i r e c t l y  p r op or t io na l  to the sample concent rat ion  ( f i g u r e  
2 . 9 ) .
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Figure 2 , 9  Linear  range of  e lec t rochemica l  
d e t e c t o r .
From a p l o t  of  ana ly te  concent rat ion  aga inst  de tec to r  
response 2 c l e a r  regions of  the graph are i d e n t i f i a b l e .  
F i r s t l y ,  a l i n e a r  range in whichjthe ana ly te  
co ncent ra t ion  is d i r e c t l y  p ropor t ionab le  to de tec to r  
response; and secondly,  at  a s p e c i f i c  ana ly te  
concent ra t ion  de te c to r  response does not I nc r ease  
f u r t h e r  wi th increases in ana ly te  i n j e c t e d .
The f i r s t  repor t  on the successful  use of an
e lec t roc he mica l  f low c e l l  as a de te c to r  component fo r
l i q u i d  chromatography appeared in the e a r l y  1970's when 
Kiss inger  and his col leagues reported the de tec to r  as 
having a d e te c t i o n  l i m i t  in the picogram range (K is s in ge r ,  
1973) .  A schematic r e pr es en t a t io n  of the e lect rochemical  
c e l l  employed can be seen in f i g u r e  2 .10  ( B ioana ly t i ca  1
Systems I n c . ,  West L a f a y e t t e ,  USA). The de tec tor  working 
e l e c t r o d e  is located in a block cons is t ing  of two parts
separated by a SOjjm t e f l o n  gasket .  The e luen t  from the
column passes over the e le c t r o d e  surface via a s l i t  in the 
gasket -  The outstanding f e a tu re s  of  t h i s  type of  t h i n - l a y e r  
c e l l  are i t s  low volume and high s e n s i t i v i t y .  The o u t l e t  
from the c e l l  is connected to a s i l v e r / s i l v e r  c h lo r id e  
r e f e r e n c e  e l e c t r o d e  from which the e luen t  passes through a 
s t a i n l e s s  s t e e l  tube serving as an a u x i l i a r y  e l e c t r o d e ,  and 
a waste tube leading back to the so lvent  r e s e r v o i r ;  th a t  is 
the mobi le phase is recyc led .  The purpose of  the re ference  
e le c t r o d e  is to provide a s t a b l e ,  reproducable vol tage to 
which the  working e le c t r od e  p o t e n t i a l  can be re ferenced.  
The a u x i l i a r y  e lec t ro de  merely serves to complete the
cu r r en t  loop.  The func t io n  of  the p o t e n t i o s t a t  a m p l i f i e r  is 
to  apply a f i x e d  p o t e n t i a l  d i f f e r e n c e  between the working 
c e l l  and the so lvent  wi th respect  to  the re ference  
e l e c t r o d e .  In a d d i t i o n ,  i t  a lso serves to  ampl i f y  the
o x id a t i o n  c u r r e n t  produced a t  the e le c t r od e  su r face ,  as
t h i s  is  o f t en  in the nanoampere range,  and to convert  the  
c ur re n t  in t o  a vol tage in a p r op or t io na l  manner.
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Figure 2 .10  E lect rochemical  f l o w c e l 1.
Schematic r e pr es en ta t io n  of the e lec t rochemica l  
f l o w c e l l  comprising a carbon paste working e l e c t r od e*  
s i l v e r / s i l v e r  c h lo r id e  re ference  electrode* and the  
a u x i l i a r y  e le c t r od e  complet ing the c i r c u i t .
The process of LCEC may be considered in terms of  
e l e c t r o l y s i s  at  a f i xed  point  along a f lowing stream, the  
stream or column e lu a te  being composed of a sequence of  
so lute zones separated wi th vary ing degrees of r e s o lu t i o n .  
The zones of  analy tes  pass through the t h i n - l a y e r  c e l l  over  
the working e l ec t r od e  held at  a f i xe d  p o t e n t i a l .  I f  the  
p o t e n t i a l  exceeds th a t  requi red fo r  e l e c t r o l y s i s  of the  
a n a l y t e ,  e le c t ro n s  pass from the ana ly te  to the e le c t r od e .  
The r e s u l t i n g  c u r r e n t ,  p ro po r t io na l  to the solute  
concent ra t ion  passing over the e le c t r o d e ,  is ampl i f i ed  by 
the- c o n t r o l l e r  and observed as a func t ion  of t ime on the  
recorder  (F igu re  2 . 1 1 ) .  The de tec tor  is s e le c t i v e  since  
only species e l e c t r o a c t i v e  at  the appl ied p o t e n t ia l  w i l l  be 
d e t e c t e d .
Although the o r i g i n a l  development of  the de tec to r  
employed a carbon paste working e l e c t r o d e ,  there are now 
several  types of surfaces a v a i l a b l e  -g lassy ( v i t r e o u s )  
carbon,  3 types of carbon paste ,  mercury/amalgamated go ld ,  
and p lat inum.  Carbon paste is a very f i n e  g raph i te  wi th an 
i n e r t  b inder  mixed to a semi-dry paste.  The carbon with i t s  
sheets of de lo c a l i s ed  e le c t rons  acts as an e x c e l l e n t  
conductor to convey charge.  The binder  employed may be 
p a r a f f i n  o i l ,  ceres in  wax or s i l i c o n e  grease.  Carbon paste 
and glassy carbon are the most commonly employed c e l l  
types .  Glassy carbon is a hard,  b r i t t l e ,  so lvent  impervious 
g l a s s - l i k e  m a t e r ia l  which is h ighly  conduct ive and capable  
of being pol ished to a m i r r o r - l i k e  f i n i s h .  The decis ion on 
which type of  e lec t r od e  to employ in an LCEC system depends 
on the chromatographic condi t ions  and sample type to be
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Figure 2.11 Schematic re present a t ion  of  the p r i n c i p l e  
of  e lect rochemica l  d e t e c t i o n .
Dlagramat ic  re pr es en ta t io n  of the basis of  the  
e l ec t rochemica l  d e t e c t o r .
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analysed.  Glassy carbon when compared to carbon paste 
e x h i b i t s  a s i m i l a r  s e n s i t i v i t y  but the noise on a good 
carbon paste e l e c t ro d e  is g e n e r a l l y  less .  The reduced noise  
leads to a reduced de tec t io n  l i m i t .  The t ime required f o r  a 
new carbon paste e l ec t r od e  to achieve a steady base l ine ,  
termed the co nd i t i on in g  t ime ,  is shor te r  than tha t  fo r
glassy carbon - when the working e le c t r od e  is turned on a
large cu r ren t  s ignal  termed the charging and t r a n s i e n t  
background cu r re n t  is observed.  This g r ad ua l l y  decays over  
a per iod of  minutes or hours depending on the c e l l  type and 
cond i t ions ( f i g u r e  2 . 1 2 ) .  The steady state background 
cu r ren t  which a r ises  from ox ida t io n  of  e l e c t r o a c t i v e  
impur i tes  in the mobi le phase is nu l led out using o f f s e t  
co nt r o l s  on the c o n t r o l l e r .  A good de te c to r  e lect rode w i l l  
e x h i b i t  f a s t  e l e c t r o n  t r a n s p o r t .  I t  has been demonstrated 
t h a t  carbon paste wi th a p a r a f f i n  o i l  binder is a 
f avourab le  sur face in t h i s  respect .
I t  would appear from the above considerat ions t h a t  
carbon paste is super io r  to glassy carbon as an e lec t rode
surface .  However glassy carbon does have i t s  advantages.
The l i f e t i m e  of a carbon paste e le c t r od e  can vary 
considerab ly  from a second to several  months whereas glassy  
carbon tends to be more s t a b le .  Both surfaces are subject  
to e le c t r od e  pass iva t ion  whereby components of the mobi le  
phase or products of the e le c t r od e  reac t ion  adsorb onto the  
surface .  When t h i s  occurs the surface of the glassy carbon 
c e l l  must be r ep o l i s h ed ,  w h i l s t  the carbon paste c e l l  must 
be repacked.  The glassy carbon c e l l  is capable of  
withstanding high concent rat ions  of  organic solvents
1 1 1
whereas the l i m i t  of organic so lvents  is around 25% ( v / v )
methanol or 5% a c e t o n i t r i l e  i f  carbon paste is employed.  
Since the mobi le phases to be employed in these studies  
w i l l  not conta in in excess of  10% methanol the
e le c t r oc he mi ca l  c e l l  employed w i l l  have a carbon paste with  
p a r a f f i n  o i l  binder  working e l e c t r o d e  sur face .
Elect ron t r a n s f e r  at the e le c t r od e  is ess en t ia l  fo r
de tec t ion  and such t r a n s f e r  w i l l  only occur i f  the 
e l ec t r od e  is po lar ised  at  or g r e a t e r  than a c e r t a i n  
p o t e n t i a l .  The p o t e n t i a l  is se lec ted f o r  each analy te  by
co ns t ruc t in g  a p lo t  of  appl ied p o t e n t i a l  to the c e l l
against  e l e c t r o d e  curren t  produced. This is termed a 
hydrodynamic voltammogram and e x h i b i t s  the fe a tu res  shown 
in f i g u r e  2 . 1 3 .  In the zero region the p o t e n t i a l  is not 
s u f f i c i e n t  to fo rce  ox ida t ion  to occur .  The current  then 
r i ses  wi th appl ied p o t e n t i a l  u n t i l  in the plateau region  
cu r re n t  is independent of p o t e n t i a l .  In most s i t u a t i o n s  the  
p o t e n t i a l  appl i ed  to the c e l l  is se lec ted  from t h i s  p lateau  
region.
2 . 7 . 7  Recording device
The chromatograms obtained w i l l  be recorded by means of  
a s ing le  channel pen recorder  set  at  f u l l  scale d e f l e c t i o n  
of 1 v o l t .
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Figure 2 .12  Elec trode  response on applying £  
p o t e n t i a l .
A l arge t r a n s i e n t  cu r ren t  is produced on a p p l i c a t io n  of  
a p o t e n t i a l  across the working e l ec t r od e  sur face .  This 
c i r c u i t  g r ad ua l l y  decays with t ime u n t i l  a small  
res idua l  remains which can be o f f s e t .
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Figure 2 . 1 3  Hydrodynamic voltammogram 
Plot  of  appl ied p o t e n t i a l  versus d e te c to r  response 
showing thtuarious regions of the voltammogram; zero 
reg ion,  l i n e a r  region and p lateau reg ion.
2 .8  P u r i f i c a t i o n  of aluminiurn oxide (a lumina)
The alumina requi red fo r  the analys is  of t i s sue
catecholamines and ty ro s i n e  hydroxylase a c t i v i t y  was
p u r i f i e d  according to the method of Anton & Sayre (1962 ) .
50üg high p u r i t y  alumina (Woeim ne ut ra l  a c t i v i t y ,  grade
1) was s l u r r i e d  wi th 2M hydroch lor ic  ac id .  The s l u r r y  was 
0
heated to 100 C fo r  approximately  30 minutes with s t i r r i n g .
A f t e r  a s p i r a t i o n  of the ac i d ,  the procedure was repeated
u n t i l  the acid no longer turned ye l low .  A d i s t i l l e d  water
wash was then performed repea ted ly  u n t i l  the pH rose to 3 .4
and' the wash water  was no longer cloudy.  F i n a l l y  a f t e r
0
drying by heat ing to 100 C, the alumina was stored in an 
a i r - t i g h t  c o n t a in e r  t i l l  r equ i red .  The alumina w i l l  be
employed in a p u r i f i c a t i o n  step in the analys is  of t i suue  
catecholamines and the a c t i v i t y  of  the enzyme ty ro s in e  
hydroxy lase .  At a l k a l i n e  pH the catechol  group is adsorbed 
onto the alumina by ionic  i n t e r a c t i o n s .  Fol lowing the 
adsorpt ion of  the basic ca tec ho l s ,  the alumina is washed to 
remove ne u t r a l  and ac id ic  compounds, before desorpt ion of  
the catechols  is achieved by format ion of an a c id ic  
environment .  Figure 2 .14  exp la ins  t h i s  mechanism of  
absorpt ion and e l u t i o n .
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Figure 2 . 1 4  Meehanism of adsorpt ion and e l u t i o n  
of catechols onto alumina.
Schematic representat ion of  the mechanism of  e x t r a c t i o n  
of catecholamines by use of  alumina adsorpt ion and 
subsequent e l u t i o n .
2 . 9 A n a l y s i s  of t i s s u e  c a t e c h o l a m i n e s
The t e c h n i q u e  which w i l l  be  e m p l o y e d  t o  m e a s u r e  the 
l e v e l s  o f  c a t e c h o l a m i n e s  i n  the r a t  b r a i n  s a m p l e s  i s  high 
pressure l i q u i d  chromatography coupled to e lect rochemical  
d e te c t io n  (LCEC). T r a d i t i o n a l l y  radioenzymat ic  techniques  
have been employed to measure t i s sue  catecholamine l e v e l s ,  
methodology which can de tec t  catecholamines in the picogram 
range but whose running costs are exceedingly high. Such 
assays have been based on the use of enzymes of  
catecholamine metabol ism and ca tabo l ism,  ca techo l -0 -methyl  
t r a n s f e r a s e  (COMT) and pheny 1 e thano1 amin e - N-methy1 
t r a n s f e r a s e  (PNMT; Henry ejt 1 975; Pet ty & Reid,  1979 ) .  
Recent ly however,  LCEC has been shown to be a r e l a t i v e l y  
inexpensive and s e n s i t i v e  method which is adequately sui ted  
to such t i s s u e  an a l y s is .  I t  has been demonstrated tha t  th is  
technique is no less prec ise  than the pheny 1 ethano1 ami ne N- 
methyl t r a n s f e r a s e  or the ca techo l -O-methy1 t ran s fe ra se  
radioenzymat ic  assays when employed to measure ra t  brain  
noradrena l ine  l eve ls  ( M i l l e r ,  1981) .  Although a v a r ie t y  of  
methods to q u a n t i t a t e  catecholamines in t i s su e  samples have 
been publ ished ( f o r  example Refshauge e_t 1 974; F e l i c e ,
Fe l i ce  & K iss ing er ,  1978; Davis e;t aj_, 1978; Wagner, 
Palfreyman & Z r a ik a ,  1979; LCEC a p p l i c a t i o n  note,  1980; 
Hegstrand & Eichelman; 1981) ,  the method selected to 
analyse samples in these experiments w i l l  be based on th a t  
descr ibed by M i l l e r  ( 1981 ) .  Methodology which w i l l  be used 
in t h i s  t h es is  is described below.
The r a t  bra in  samples were homogenised in 5 volumes 0.4M 
pe rc h l o r ic  acid and the acid e x t r ac ts  ce n t r i fuged  f o r  10
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was p ipe t ted  into polypropylene LP3 tubes containing 200^1 
luM 3,4 -d i hy d roxy ben zy 1 am i ne hyd roDrom.i  de as i n te r na l
J 0
s t a n d a r d ,  and the samples s t o r ed  at  -70 C. The i n t e r n a l
standard was chosen since i t  was s t r u c t u r a l l y  re la ted  to
the catecholamines ( f i g u r e  2 . 1 5 ) .  I n i t i a l l y  i t  was
envisaged to analyse the samples by d i r e c t  in je c t io n  onto
the HPLC-ECD system with no e x t r a c t i o n  as in the Method of
M i l l e r  ( 19 81 ) .  However, th is  proved impract ica l  since
although the chromatograms obtained ex h i b i te d  s a t i s f a c t o r y
r e s o l u t i o n ,  the nature of thesamples r a p i d l y  created an
i n t o l e r a b l e  r i s e  in pressure through the column. In order
to overcome t h i s  problem an e x t r a c t io n  step to clean up the
sample was in t roduced.  To each sample was added 50mg acid
washed alumina and 0.5ml 3M t r i s /EDTA b u f fe r  ( 3 0 . 6g t r i s
base dissolved in 100 ml d i s t i l l e d  water ;  add 5g disodium
EDTA and ad jus t  the pH to 8 .6  with 6M hydrochlor ic  a c i d ) .
The samples were shaken fo r  10 minutes and when the alumina
had s e t t l e d ,  the supernatant  was a s p i r a t e d .  The alumina was
then washed twice with d i s t i l l e d  water with as p i ra t ion  in
between. A f t e r  the f i n a l  wash, 200^1 0.35M hydrochlor ic
acid was added and the samples were vortexed before
c e n t r i f u g a t i o n  at  2 ,000 rpm fo r  5 minutes.  The supernatant
0
was t r a n s f e r r e d  into a f resh LP3 tube and stored at  -70 C 
u n t i l  chromatography could be performed.
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Figure 2 .1 5  S t ruc ture  of  catecholamines and i n t e r n a 1 
standard , 3 ,4 -dihydroxybenzyl  amine.
The diagram i l l u s t r a t e s  the chemical  s i m i l a r i t y  in
s t ru c tu re  of thecatecho 1 amines and the compound used 
as an i n t e r n a l  standard in t h e i r  q u a n t i t a t i o n ,  3 , 4 -  
dihydroxybenzy1 amine.
2.10 Tyro s i n e  hyd roxyI  a s e  ( T H  ) a c t i v i t y
The a c t i v i t y  of  t y ro s in e  hydroxylase in the ra t  brain  
samples was measured by re verse-phase high-pressure  l i q u i d  
chromatography wi th subsequent e lect rochemica l  de tec t ion  
(LCEC) using the system prev ious ly  described (sect ion 2 . 7 ) ,  
The assay procedure employed was a mod i f i c a t ion  of the 
methods of Nagatsu,  Oka & Kata (1979)  and Blank & Pike 
( 1976 ) .  The basic approach involves incubat ing the system 
with the ap pr op r ia te  subst ra te  and c o fa c to r ,  fo l lowed by 
i s o l a t i o n  and q u a n t i t a t i o n  of  the enzymatic product ,  dopa.
The bra in samples were weighed and a 1 in 6 homogenate 
prepared in 0.25M sucrose.  30^1 port ions ( in  d u p l i c a t e )  
were p i p e t te d  in to  polypropylene tubes on ice;  the  
remaining homogenate being r e t a i ned  fo r  p ro te in  es t imat ion  
using the technique of Lowry ^  ^  (1951)  which w i l l  be 
d e t a i l e d  in sect ion 2 .17  of t h i s  chapter .
To each sample was then added: -  
10 j j l  1 M sodium ace ta te  bu f f e r  pH 6 .0
20 j i \  1 mM L - ty r os in e  in 0.01 M HCl
10 ^1 10 mM 6 -methy 1 - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n
in 1M mercaptoethano1 
10 yj 1 Img/ml ca ta lase
10 j j l  10 mM fe rrous ammonium sulphate
l O j j l  625 uM benzy 1 oxyamine 
The 6 -methy1 - 5 , 6 , 7  , 8 - t e t r a h y d r o p t e r i n  acts as a co fac tor  
fo r  t y r o s i n e  hydroxylase and being r e a d i l y  o x i d i s a b l e ,  i t  
is protected  from o x i d a t i o n ,  by mercaptoethano1.
0
The samples were incubated f o r  30 minutes at  37 C a f t e r  
which the reac t ion  was stopped by the add i t ion  of 0.6ml
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0.5M h y d r o c h l o r i c  ac i d  c o n t a i n i n g  ' bUng/mi  or t ne i n c e r n a i
standard,  3 , 4 -d ihydroxybenzylamine hydrobromide.  O . ’ ml 1M
sodium Hydrogen s u l p h i t e  and 0.1ml 0.1M d i sodium
et hy  1 ened1 ami net e t r a a c e t i c  acid (EDTA) were t hen added,  and
0
the samples vortexed before being stored at  -70 C u n t i l  
analys is  by LCEC could be c a r r i e d  out .
At the t ime of a n a ly s i s ,  0.5ml of each sample was placed 
in 13ml polypropylene tubes conta in ing 60mg acid-washed 
alumina (as prepared by the method of Anton & Sayre (1952)  
-  sect ion 2 .8 )  and 0.5ml of 0.5M t r i s ( t r i - h y d r o x y m e t h y 1- 
ami nomethane ) b u f f e r ,  pH 8 . 5 .  A f t e r  shaking at room 
temperature f o r  f i f t e e n  minutes,  the alumina was al lowed to 
s e t t l e  and the supernatant  as p i ra te d .  The alumina was then 
washed th ree  t imes with 2m1 por t ions of  a so lut ion  
conta in ing
100 yjl 0.1 M EDTA
100 jx\ 1 M disodium su lp h i t e
1 ml t r i s  b u f f e r  ( 0 .5  M, pH 8 . 6 )
-per  100 ml d i s t i l l e d  water
A f t e r  the f i n a l  washing and a s p i r a t i o n ,  the
catecholamines were e lu ted from the alumina by the addi t ion
of 200|il  0.35M HCl. The samples were vortexed fo r  20
seconds and cen tr i fuged  at 3,000rpm f o r  3 minutes.  The
ac id ,  which was to be in jec ted  onto the column, was
p ipe t ted  into f resh tubes to prevent  decomposit ion of the
0
catecholamines and stored at  -70 C i f  not in jected
immediately.  A lOOjjl a l i q u o t  of  the hydroch lor ic  acid
e x t r a c t  was in jec ted  onto the LCEC system which was set at  
a p o t e n t i a l  of  +0.6 vo l ts  versus a s i l v e r / s i l v e r  ch lor ide
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r e f e r e n c e  e l e c t r o d e .  The wor k i ng  e l e c t  rode s u r f a c e  was 
composed o f  carbon paste ( o i l  based) ,  and the f o l l o w i n g  
mobile phase was employed
0.1 M potassium dihydrogen orthophosphate  
0,1 mM d i sodi urn EDTA 
0 .2  mM sodium oc ty l  sulphate  
-pH to 4 .5  wi th orthophosphoric acid 
5 - 10 % methanol ( v / v )
Flow rates  employed were in the region of 1ml /minute.  
The column employed contained Spherisorb ^ m  ODS 
s t a t i o n a r y  phase (250 X 4 .5  mm).
The o x id a t io n  p o t e n t i a l  was selected by const ruct ing a 
voltammogram to dopa ( f i g u r e  2 . 1 5 ) .  A p o t e n t i a l  of +0.5  
vo l ts  was s u f f i c i e n t l y  p o s i t i v e  to cause ox ida t ion  of dopa 
at  the working e le c t r od e  sur face ,  whereas higher  p o t e n t i a l s  
of around +0.8 vo l ts  can ox id is e  im pu r i t i e s  present  in the  
sample r e s u l t i n g  in the presence of i n t e r f e r i n g  peaks in 
the chromatogram.
The vol tammetr ic  de tec to r  system is h igh ly  s e n s i t i v e  f o r  
catecholamine compounds. Therefore dopa, the product of  the  
t y ros ine  hydroxylase r e a c t i o n ,  can be assayed wi th  
extremely high s e n s i t i v i t y .  A c a l i b r a t i o n  graph showing the  
l i n e a r  response of  the peak height  of the d e te c to r  f o r  the  
amounts of dopa and i n t e r n a l  standard in jec te d  (1-125  
picomoles) can be seen in f i g u r e  2 . 1 7 ) .
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The a c t i v i t y  of t y r o s in e  hydroxylase in the brain  
samples was c a lc u la t e d  by inc lud ing in each assay,  standard  
samples which contained a known amount of dopa in place of
the enzyme homogenate. The standards employed were of
concent rat ions  5,  10 and 15 micromolar ,  producing 150, 300
and 450 picomoles dopa per incubat ion .
A standard graph was const ructed ( f i g u r e  2 .18)  from 
which the amount of dopa formed in each sample during the 
t h i r t y  minute incubat ion per iod could be c a lc u la te d .
Since the assay includes a step in which dopa is 
adsarbed onto alumina with subsequent recovery into ac id ,  
the recovery of dopa from alumina was in ve s t i g a te d .  Figure  
2.19 shows t h a t  the recovery was 58.3%. However, the use of  
an i n t e r n a l  standard ( 3 ,4 -d ihydroxybenzy lamine)  makes i t  
unnecessary to co r r ec t  f o r  recovery of  dopa from the  
alumina in t h i s  assay.
Consider ing the high s e n s i t i v i t y  of  the de tec to r  f o r
dopa ( the  minimum de tec tab le  quan t i t y  def ined as the
quant i t y  of  so lute  producing a basel ine  s h i f t  twice the  
standard d e v ia t i o n  of the no ise ,  was 1 picomole) ,  the
s e n s i t i v i t y  of  the assay is determined by the blank va lue .
Blank values were obtained by rep lac ing L - ty r os ine  with D-
ty ros ine  which is not a subst ra te  f o r  t y ro s i ne  hydroxylase.  
The dopa in the blank sample is der ived from e i t h e r  dopa 
formed by non-enzymat ic routes from both L- and D - ty ros ine  
or from endogenous dopa present  in the crude brain t i s s u e .  
In a d d i t i o n ,  t y ro s in e  so lut ions  contain dopa as an 
impur i ty .  I t  is l i k e l y  th a t  only a small percentage of the  
dopa in the blank is a t t r i b u t a b l e  to endogenous dopa since
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Figure 2 .1 8  C a l i b r a t l o n  graph f o r  assay of  t y ro s ine  
hydroxylase.
Example of  a graph employed to c a l c u l a t e  the a c t i v i t y  
of t y r o s i n e  hydroxylase present  in the ra t  b r a i n s . Each 
point  represents the mean of 2 observa t ions .
i t  is present  in low concent rat ions  (Anton & Sayre,  1964) .
A t y p i c a l  chromatogram obtained from a ra t  brain
homogenate sample is shown in f i g u r e  2 .20  ( a ) .  The
r e t e n t io n  t imes b e in g : -
' so lv e n t  f r o n t ' 1.5 minutes
dopa 4 minutes
in t e r n a l  standard 8 minutes
u n i d e n t i f i e d  endogenous peak 12 minutes
The i d e n t i t y  of  the peak at  12 minutes is un cer ta in ,
al though i t  may be endogenous dopamine in the crude enzyme
prepara t ions  as the r e te n t i o n  t ime coincides with th a t  of  a
pure dopamine standard.  I ron ions can be detected under the
cond i t ions employed but they are e lu ted  in the void volume.
This chromatogram can be compared to one obtained from a
blank sample ( f i g u r e  2 . 2 0 b ) ,  and f o r  a standard sample
conta in ing 150 picomoles dopa ( f i g u r e  2 . 2 0 c ) .
P re l im ina ry  experiments demonstrated t h a t  the amount of
t i ssue assayed was l i n e a r l y  re la t e d  to ty ro s in e  hydroxylase
a c t i v i t y  and th a t  the rate  of dopa format ion was l i n e a r  up
to t h i r t y  minutes incubat ion ( f i g u r e s  2.21 & 2 . 2 2 ) .  The
e f f e c t  of  varying the concent rat ion  of c o fa c to r ,  DL-6-
methy 1 - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n  and the subs t ra te ,  t y ro s ine
on dopa format ion was in v e s t i g a te d .  ( f ig u r e s  2.23 & 2 . 2 4 ) .
These f i g u r e s  demonstrate th a t  the concentrat ion of each
used in the assay was sa tu ra t i ng  wi th respect  to ty ro s ine
hydroxylase.  Several  other  assay parameters were
3 +
i n v e s t i g a te d -  The presence of Fe are known to s t imu la te  
p u r i f i e d  p repara t ions  of t y ro s in e  hydroxylase (Nagatsu,  
Lev i t t  & Udenfr iend,  1964) and t h e r e f o r e  the e f f e c t  of
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t h e i r  removal from the incubat ion medium was in v es t i ga te d .
2 f
The absence o f  Fe resu l ted  i n a s i g n i f i c a n t  (p < 0.01 by
Mann-Whi tney U s i g n i f i c a n c e  t e s t )  f a l l  i n t y r o s i n e
2 +
hydroxylase a c t i v i t y ,  and hence Fe were included in a l l  
incubat ion media.  Nagatsu et  ^  (1979a)  included ca ta lase  
in t h e i r  incubat ion media to produce oxygen via equat ion  
2 . 4 .
ca ta l as e
2H 0 - ............  > 2H 0 + 0
2 2 2 2
- equat ion 2 .4
Using r a t  bra in homogenate, i t  was observed th a t  the  
removal of  c a ta la se  resu l ted  in a s i g n i f i c a n t  (p<0.02)  f a l l  
in enzymatic a c t i v i t y .  An i n te r -a s s a y  c o e f f i c i e n t  of  
v a r i a t i o n  of 4.7% was c a lc u la te d  f o r  the assay system as 
descr ibed above.
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Figure 2.2 0 Typica l  examples of chromatograms.
Typical  chromatograms
(a)  shows a chromatogram from r a t  b ra in  showing the  
dopa and I n t e r n a l  standard peaks in axJUiVtion to an 
u n i d e n t i f i e d  endogenous peak.
(b) st andar d  sample conta ining 150 picomoles dopa,
( c ) blank sample i l l u s t r a t i n g  the absence of a dopa 
peak.
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Figure 2.21 L i n e a r i t y  of  t y r o s i ne hydroxylase  
assay wi th amount of  t i s sue  assayed.
The graph i l l u s t r a t e s  t h a t  the assay Is l i n e a r  up to at  
l eas t  12mg r a t  bra in t i s s u e .  Each point  represents the  
mean of 3 observa t ions .
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Figure 2 .22  L i n e a r i t y  of t y ro s in e  hydroxylase assay 
with incubat ion t ime.
The graph I l l u s t r a t e s  t h a t  the assay is l i n e a r  up to 30 
minutes incubat ion t ime.  Each point  represents the mean 
ot 3 observa t ions .
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Figure 2 .24 Act i v i ty of t y ro s i n e  hydroxy lase as _a 
fu nc t ion  of t y r o s in e  c o n c e n t r a t i o n .
E f f e c t  of  vary ing the concentra t ion  of  t y ro s i n e  in the  
i ncubat ion medium on t y r o s in e  hydroxylase a c t i v i t y .  
Each po in t  represents the mean of  3 observa t ions .
2. 11  Pheny 1 e tha.no 1 am i ne- iN -methy i t r a n s f e r a s e  ( PNMT )
a c t i v i t y
2 . 1 1 .1  General considera t ions
At present  there  e x i s t  three  techniques a v a i l a b l e  to 
measure the a c t i v i t y  of  the enzyme, pheny 1 ethano 1 amine-N-  
methyl t r a n s f e r a s e  (PNMT) which cata lyses the t r a n s f e r  of a 
methyl group from S-adenosy l -L-meth ionine  (SAM) to 
no ra dr en a l in e ,  thus producing adrenal ine  ( f i g u r e  5 . 1 ) .  
These methods involve  f 1u o ro m e t r ic , radiochemical  or 
chromatographic techniques (Axe l rod ,  1952; F u l l e r  & Hunt,  
1965; Saavedra et  a l ,  1974; Borchardt ,  Vincek & Grünewald,  
1977; P e t t y ,  1980) .
14 3
The radiochemical  assays u t i l i z e  e i t h e r  ( C) or ( H) 
m e t h y l - l a b e l l e d  SAM; the o ther  subst rate  f o r  the enzyme 
being no rad re na l in e .  The l a b e l l e d  product ,  adrena l ine  is 
then i s o la t e d  e i t h e r  by e x t r a c t i o n  procedures (Axe l rod,  
1962; P e t t y ,  1980) or by p r e c i p i t a t i o n  of the unreacted  
methyl donor ( F u l l e r  & Hunt,  1966) .  The radiochemical  
methods have t r a d i t i o n a l l y  been the most f r eq u e n t l y
employed techn iques .  These assays have been developed to a 
l evel  e x h i b i t i n g  grea t  s e n s i t i v i t y .  However reagent costs 
are high,  and e x t r a c t io n  procedures tedious and t ime  
consuming. The assays which ne cess i ta te  f l u o r o m et r ic  
detec t ion  of  the reac t ion  products of ten  involve a
conversion of  the products to more in ten se ly  f lu ore sc en t
species which adds complexi ty to the assay procedure.
1 2 2
2 . 1 1 . 2  HPLC assay f o r  PNMT a c t i v i t y
In order  to reduce assay costs and s im p l i f y  
procedure,  the method of Borchardt  et  _al_ ( 1 977 ) was
selected as the technique of choice to measure the a c t i v i t y  
of PNMT in the r a t  bra in samples. These authors employed 
HPLC with e le c t rochemica l  de tec t ion  (LCEC) in order to 
measure the product of the r e a c t i o n ,  adrenal ine .  The 
general  scheme of  the assay can be seen in f i g u r e  2 .25 .  The 
subst ra te  noradr ena l ine  was separated from the N-methylated  
product ,  ad re na l i ne  by HPLC on a Zipax SCX cat ion exchange 
s t a t io n a r y  phase (500 X 2mm). The mobile phase employed by 
these authors was th a t  of K e l l e r  et  £_]_ ( 1976 )
c i t r a t e / a c e t a t e  b u f f e r ,  pH 5 .2  with a f low rate  in the 
region of  0 . 4  m l /minute .  Although adequate chromatographic 
separat ion was achieved using the condi t ions described  
above, a reverse-phase system was selected to separate  
nora dr ena l in e ,  adrena l ine  and the i n t e r n a l  standard,  
dihydroxybenzylamine hydrobromide (DHBR). This a l t e r a t i o n  
to the method was made fo r  two reasons.  F i r s t l y ,  ion-  
exchange columns are less reproducable and less stable  than 
reverse-phase systems. There is a v a r i a b i l i t y  in the
separat ion c h a r a c t e r i s t i c s  of the resin from batch to
batch which could nece ss i t a te  the need to re -opt im ise  
chromatographic condi t ions i f  the cat ion exchange column 
cu r re n t ly  being employed had to be renewed. Secondly,  a 
reverse-phase column could be more e f f i c i e n t  and hence 
s e n s i t i v i t y  may wel l  be improved. The reverse-phase pa i red -  
ion chromatographic system employed a 5yjm Spherisorb ODS 
column (250 X 4.6mm) with the fo l lo w i ng  mobi le phase:-
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Figure 2 . 2 5  Schematic representa t ion  of  PNMT HPLC 
assay.
Diagramatic representa t ion  of  the p r i n c i p l e s  of  the  
HPLC assay f o r  PNMT a c t i v i t y .
0.1 M po tass i i urn d i hydrogen orthophosphate  
0.1 îtM d i so d i um EDTA 
0.2 mM sodium octy l  sulphate  
-pH adjusted to 3 .5  wi th or thophosphoric acid 
5 - 15 % methanol ( y / v )
The separat ion achieved can be seen in f i g u r e  2.25 from
which i t  is ev ident  th a t  the system is capable of
separat ing  the product a d r e n a l in e ,  from the i n te r n a l  
standard,  DHBA and the l arge amount of  noradrenal ine  
subst ra te  present .  Typical  r e t e n t io n  t imes were as
f 0 1 lows : -
no radrena l ine  8 minutes
a dr en a l ine  12 minutes
DHBA 17 minutes
The enzyme prepara t ion and incubat ion condi t ions  
descr ibed by Borchardt e;t ^  ( 1977) were as f o l l o w s : -  The 
r a t  b ra in  samples were homogenised in f i v e  volumes isotonic  
potassium c h lo r id e  (0 .15M) .  A f t e r  c e n t r i f u g a t i o n  f o r  10 
minutes at  100,000g,  por t ions of supernatant  were assayed 
f o r  PNMT a c t i v i t y  using the incubat ion c o n d i t i o n s : -
t i s su e  homogenate supernatant  175 ^1
phosphate b u f f e r  0.5  M,pH 8 .0  50 j i l
noradrena l ine  0.6 mM 15 yjl
SAM 1.8 mM 10 ^1
This regime resu l ted  in an incubat ion medium conta ining  
0.1M phosphate b u f f e r ,  36uM noradrena l ine  and 72uM SAM.
0 I  /
A f te r  incubat ion at  37 C f o r  60 minutes,  the react ion was
stopped by the addi t ion  of  250yji 0.1M perch lo r ic  acid  
conta in ing the in te r n a l  standard,  DHBA. The authors
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employed Plank samples which omit ted noradrena l ine  from the 
incubat ion medium, in order  to c o r re c t  f o r  any endogenous 
adrena l ine  present  in the enzyme pr ep a r a t i o n .  A sample of 
the quenched reac t ion  mixture was then simply in jec ted  onto 
the chromatographic system.
When the assay as descr ibed above was performed in our
labor a to ry  using the ra t  brain as source of enzyme, the
r e s u l t s  shown in t a b le  2 .6 were obta ined.  These resu l ts
demonstrate th a t  there  is PNMT a c t i v i t y  present  in the ra t
bra.in g r e a te r  than the blank when the blank sample employed
is .one lacking noradrena l ine  in the incubat ion medium.
However, i f  a blank sample is employed in which
noradrena l ine  is incubated with SAM, phosphate bu f fe r  and
potassium c h lo r id e  but no brain homogenate is present ,  a
much higher  blank value is obta ined .  In an at tempt to
e l u c id a te  the reason f o r  the above re s u l t s  the assay was
repeated as descr ibed above except th a t  the homogenate was
prepared in 0.2M t r i s  b u f f e r ,  pH 8 .6  conta in ing 0.2% ( v / v )
t r i t o n  X-100,  a homogisation bu f f e r  employed in a
radioenzymat ic assay procedure f o r  PNMT a c t i v i t y  ( P e t ty ,
1980) .  The r e s u l t s  of such an experiment are tabula ted in
tab le  2 .7 .  A possible  explanat ion  f o r  these observat ions is
tha t  the noradrena l ine  present  in the incubat ion medium is
breaking down into  one or more substances,  one of which
0
includes a d re n a l in e .  This breakdown at  37 C is much grea te r  
in the presence of potassium ch lo r ide  than t r i s  b u f f e r .
Various parameters of the assay were inves t iga te d  using 
the r a t  bra in as a source of PNMT; the homogenate being 
prepared in 0.2M t r i s  b u f f e r ,  pH 8 .6 /0 . 2%  t r i t o n  X-100.
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A f t e r  ca r ry in g  out these p r e l i m in a r y  exper iments,  the 
decis ion was made tha t  t h is  LCEC assay f o r  PNMT a c t i v i t y  
was n o t  s e n s i t i v e  enough t o  measure the enzyme a c t i v i t y  i n  
the r e l a t i v e l y  small bra in samples in which we intend to 
have a v a i l a b l e  in the experiments which w i l l  be performed 
fo r  t h i s  t h e s i s .  In a d d i t i o n ,  p r a c t i c a l  exper ience in the 
l ab ora to ry  suggested th a t  the assay would not be robust  
enough f o r  the purpose which i t  was intended.
Table 2 .6  Ad r e n a l i  ne product ion in blank samples using a
potass ium c h lo r id e  homogen isa t io n  bu f f e r
Sample type Rat io Adrenal ine  
I n t e r n a l  standard
ra t  brain  homogenate 1.21
blank - no noradrena l ine  
added to incubat ion
0.07
blank - no enzyme
added to incubat ion
1.11
Table 2 .7  Adrenal ine  product ion in blank samples using
a t r i s homogenisation b u f f e r
Sample type Ratio A d r e n a l i ne 
I n t e r n a l  standard
rat  bra in homogenate 1.30
blank - no noradrena l ine  
added to incubat ion
0.03
blank - no enzyme
added to incubat ion
0.19
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Figure 2 . 2 6  Typical  example of à chromatogram 
from PNMT assay 
The chromatogramshows the separat ion between uhe l a .ge  
noradrena l ine  subst ra te  peak and the a d r e n a l a n d  
i n te r n a l  standard peaks which can be q u a n t i l a t ed .
2 , 1 1 . 3  Rad i oenzymat  i c assay f o r  PNMT a c t i v i t y
The a c t i v i t y  o f  t he enzyme pheny1e t h a n o 1 ami ne N-methyl
t r a n s fe r a s e  in the ra t  brain  samples was measured by a
m o d i f i c a t i o n  of  the method of  Saavedra et  ^  (1974)  as
d e t a i l e d  by Pet ty  (1980 ) .  The brain t i s sue  was homogenised
in 20 volumes 0.2M Tr is  hydrochlor ide  b u f f e r  pH 8.6
conta in ing  0.2% t r i t o n  X-100 ( v / v )  and kept on ice .  A f t e r
the removal of  a sample of homogenate fo r  p rote in
e s t im a t io n ,  the samples were cen t r i fu ged  at  2,000 rpm f o r
0
15 minutes at  4 C. Dup l ica te  por t ions (50^1) of  supernatant
were p i p e t te d  into i ce -c o ld  12ml polypropylene conical  
tubes - Blanks were prepared ( f o u r  per assay) by incubat ing  
5 ^ 1  of  the homogenisation b u f f e r  conta in ing no brain
t i s s u e .  These blanks c o n s i s t e n t ly  produced counts per
minute of  200 - 300. Higher counts were obtained when the  
blanks consisted of e i t h e r  the absence of  
pheny1e t han o1 amine subst ra te  or the s u b s t i t u t i o n  of  
phenylethanolamine by B-pheny1- e t h y 1 ami ne or t ryptamine  
which are not subst rates f o r  th is  reac t ion  ( t y p i c a l l y  
T,300cpm).  These observat ions conf i rm th a t  the enzyme under 
study is PNMT and not a no n- sp ec i f i c  N-methy l t rans fe rase  
(Saavedra,  Coyle & Axel rod,  1973) .  The observat ion th a t
these blanks are higher  than i f  no enzyme is incubated can 
be a t t r i b u t e d  to the méthylat ion of  endogenous 
noradrenal ine  present  in the enzyme homogenate.
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To the samples and blanks was added lOOpl of the 
fo l lo w i ng  mixture
1 ml 1 mg/ml pheny 1 e thano1 amine
3
0.5 ml S -a d en o sy l - L - (m e th y l -  H)methionine -
s p e c i f i c  a c t i v i t y  15 curies/mmol
per 18.5 ml d i s t i l l e d  water
0
A f t e r  an incubat ion at 37 C f o r  30 minutes,  the reac t ion
was termina ted  by the ad d i t ion  of 0.5ml 0.5M borate pH 10.
5ml of  3% amyl alcohol  in to luene ( v / v )  was added and the
tubes vortexed f o r  15 seconds (m u l t i tu be  vo r t ex e r .
S c i e n t i f i c  Manufactur ing I n d u s t r i e s ,  U .S .A . )  before being
cent r i fu ged  f o r  5 minutes at  1 ,000rpm. This step served to
separate the r a d i o a c t i v e  product from the l a b e l l e d
3
su bs t ra te ,  S -a d e n o sy l -L - ( m e th y l -  H)meth ion ine. A f t e r  
f re e z in g  the borate l ayer  in an acetone-dry ice bath,  the
organic l a ye r  con ta in ing l a b e l l e d  product was poured into
fresh tubes conta in ing 0.5ml 0.1M hydroch lor ic  ac id.  The 
samples were then vortexed and c e n t r i f u g e d .  A f t e r  f r e e z i n g ,  
the to luene l ayer  was discarded and 2m1 1M borate pH 12.5 
plus 6ml 3% amyl alcohol  in to luene ( v / v )  was added to the 
acid l a y e r .  The samples were vor texed,  cen t r i fuged  and 
frozen once more, and the to luene l ayer  was poured into  
polyethylene s c i n t i l l a t i o n  v ia ls  conta in ing 10ml F i s o f lu o r  
'mpc'.  F i n a l l y ,  the a c t i v i t y  was counted in a Packard
Tr icarb Liquid S c i n t i l l a t i o n  Spectrometer au tom at ica l l y
pre-programmed to count t r i t i u m .
The assay was repeated using p a r t i a l l y  p u r i f i e d  PNMT 
which had a known s p e c i f i c  a c t i v i t y  - 1 u n i t  was capable of  
convert ing 1 nanomole of  normetanephrine to metanephrine in
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0 -3 -3
1 hour at  37 C and pH 8 . 5 .  3.33 X 10 and 6.67 X 10
un i ts  of t h i s  PNMT were c a r r i e d  through the assay as
descr ibed above ( in  t r i p l i c a t e )  in order  to c a lc u la t e  the
a c t i v i t y  of the enzyme in each of the samples. The samples,
standards and blanks were corrected f o r  in ter -sample
v a r i a t i o n s  in quenching by cons t ruc t ing a quench
c a l i b r a t i o n  curve using t r i t i u m  la b e l l e d  to luene - f i g u r e
3
2 .27 .  PNMT a c t i v i t y  was expressed as fmoles or pmoies H- 
methyl -phenyle thanolamine  formed/mg t i s sue  or p r o t e in /h o u r .  
Pre l im ina ry  exper iments demonstrated t h a t  the ra te  of
3
H-methyl -phenyle thanolamine format ion was l i n e a r  up to 60 
minutes incubat ion and th a t  the amount of t i s sue  assayed 
was l i n e a r l y  r e l a t e d  to PNMT a c t i v i t y .  Figures 2.28 &
2 . 2 9 ) .  In a d d i t i o n ,  the in te r -as say  c o e f f i c i e n t  of  
v a r i a t i o n  of  the assay as descr ibed above was ca lcu la t ed  to 
be 8.6% (N=12) .
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Figure 2 .2 7  Quench cor r ec t ion  curve.
In ter -sample  v a r ia t io n s  in quenching were corrected by 
the co ns t ruc t ion  of  a quench co r r ec t io n  curve,  an 
example o f  which is shown in the diagram. The curve was 
constructed using standardised t r i t i u m  l a b e l l e d  toluene  
suppl ied by Amersham In t e r n a t i o n a l  p ic .
0 . 6
§
Figure 2 .2 8  L i n e a r i t y  of PNMT assay with
1ncubation t i m e .
The f i g u r e  i l l u s t r a t e s  th a t  the a c t i v i t y  of  PNMT was 
l i n e a r l y  r e l a t e d  to t ime u n t i l  60 minutes.
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Figure 2 . 2 9  L i n e a r i t y  of  PNMT assay with amount
of t i ssue  assayed.
The f i g u r e  shows t h a t  the assay f o r  PNMT a c t i v i t y  was 
l i n e a r l y  r e l a t e d  to the amount of  brain  t i s su e  in the 
incubat ion medium.
2 . 12  Pl asma 8 i o p t e r  i ns  Assay
Blood samples were c o l l e c te d  in l e a d - f r e e  polystyrene or
polypropylene tubes conta in ing  e i t h e r  potassium e thy le ne -
d i a m i n e t e t r a a c e t i c  acid (EDTA) or sodium heparin as
a n t ic o a g u la n t .  The samples were mixed thoroughly f o r  30
minutes (Den ley Spi ramix)  and an sample of blood removed
0
into LP3 tubes;  the remainder being stored at 4 C u n t i l
lead an a ly s is  could be c a r r i e d  out .  The samples were then
ce nt r i fu ge d  at  2,000 rpm f o r  ten minutes.  A f t e r
c e n t r i f u g a t i o n ,  the plasma was removed from each sample and 
0
stored at  -20 C in f resh LP3 tubes.  Plasma b iop t e r ins  were 
measured by Dr. R.J.  teeming,  Department of  Haematology,  
The General H o s p i t a l ,  Birmingham who employed the C r i t h i d i a  
f a s c i c u l a t a  p rotozoo log ica l  bioassay (teeming et  a l ,  
1976b).
Members of  the genus ' C r i t h i d i a '  were f i r s t  described by 
teger in 1902 and are trypanosomat id insect  paras i tes  
ranging from 4-10jjm in length.  The f i r s t  chemical ly  def ined  
growth medium f o r  C r i t h i d i a  f a s c i c u l a t a  was described by 
Cowperthwaite  e t  ( 1 953 ) who reported an extremely high
f o l i c  acid requi rement .  In a d d i t i o n ,  they demonstrated th a t  
th is  o s t e n s ib le  requirement f o r  f o l a t e  was g r e a t ly  spared 
by a v i r t u a l l y  f o l a t e - f r e e  l i v e r  f r a c t i o n .  Subsequently,  i t  
was demonstrated tha t  C r i t h i d i a  f a s c i c u l a t a  required  
considerably  less f o l a t e  than p rev iously  an t ic i p a t e d  but in 
addi t ion i t  also required the presence of a second f a c t o r ,  
termed ' C r i t h i d i a  f a c t o r '  probably re la t e d  to f o l i c  ac id.  
(Nathan & Cowperthwait e , 1955 ) .  Pat terson et  a^ in 1955
demonstrated th a t  the ' n o n - p h y s i o l o g i c a l ' f o l a t e
130
requirement  could oe spared by an a c i d - s t a b l e ,  new, 
unconjugated p t e r i d i n e ,  named b i o p t e r i n ,  ( f i g u r e  2 . 3 0 ) .
The name ' p t e r i n '  was suggested by P fe id e r e r  in 1964 
f o r  d e r i v a t i v e s  of 2 -a m ino-4 -hydr o x y - p t e r i d i ne . There are 
now known to be several  unconjugated 2 -a mino-4-hydroxy-  
p t e r id in e s  which are capable of reducing the f o l i c  acid 
requirement  of C r i t h i d i a  f a s c i c u l a t a  from I.Oyjg/ml to 
0 .001ug/ml .  Each is charac t e r ise d  by possessing an 
a l i p h a t i c  s u b s t i t u e n t  in the 6 - p o s i t i o n  at l ea s t  2 carbons 
long which bears at  l e a s t  2 hydroxyl  groups. The group of  
a c t iv e  unconjugated p t e r id in e s  are termed ' c r i t h i d i a  
f a c t o r ' .  (Note th a t  the nomenclature used throughout th is  
thes is  f o r  f o l i c  acid and r e l a t e d  f o l a t e s  is th a t  given by 
the lUPAC-IUB Commision on Biochemical  Nomenclature 
( 1 9 6 6 ) ) .
The presence of f o l i c  acid gives enhanced growth in 
medium conta in ing  b i o p t e r i n ,  and c r i t h i d i a  f a c t o r  is 
produced in condi t ions  where f o l a t e  is the sole source of  
p t e r id in e  (Guttman & Wal lace,  1964) .  In a d d i t i o n ,  C r i t h i d i a  
f a s c i c u l a t a  can synthesise c r i t h i d i a  f a c t o r  in a medium 
conta ining a carbohydrate subst ra te  such as s o rb i to l  and 
2 , 4 , 5 - t r i a m i n o - 6 - h y d r o x y - p y r i m i d i n e  together  with one of  
several  sugars-  L-rhamnose, D-mannose, D -galac tose,  gluco-  
nolactose,  sucrose or glucose.  (Nathan & Funk, 1959) .  Hence 
i t  can be sta ted  from these observat ions th a t  c r i t h i d i a  
f a c to r  is requ i red  f o r  growth of  C r i t h i d i a  f a s c i c u l a t a  and 
i t  can be suppl ied (a)  as such (b) as a conjugated 
p t e r i d i n e ,  pa r t  of  which the organism can convert  to a 
c r i t h i d i a  f a c t o r  such as f o l a t e ,  and (c)  as a n o n - p t e r i d i ne
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precursor  from which the f a c t o r  can be synthesised (de-novo 
s y n th e s i s ) .
There are several  po ten t ,  n a t u r a l l y  occurr ing 6-  
subs t i tu te d  p t e r in s  capable of supplying the p t e r i d i n e  
requirements of C r i t h i d i a  f a s c i c u l a t a .  The bioassay is 
s p e c i f i c  f o r  t e t r a h y d r o b i o p t e r i n ,  d i h y d r o b io p t e r in ,  
b i o p t e r i n  and L - ne o pt e r i n ,  the f i r s t  three of which show 
equal a c t i v i t y .  ( teeming & B l a i r ,  1974; teeming, 1975) .  t -  
neopter in  has a reduced a c t i v i t y  of 56% by comparison with  
b i o p t e r i n ,  but using th in  l ay er  chromatography i t  has been 
demonstrated th a t  th is  p t e r i d i n e  is absent from human 
plasma ( teeming,  1975) .  P te ro ic  acid w i l l  also spare 
C r i t h i d i a ' s  need f o r  b i o p t e r in  but again i t  is not present  
in plasma ( teeming,  1975) .  Several  other  p te r ins  can 
support C r i t h i d i a  but they ,  l i k e  f o l a t e  requ i re  to be 
present in l arge  q u a n t i t i e s ,  examples being p t e r o y l - t -  
a s p a r ta te ,  p t e r o y l - g l y c i n e ,  pteroy 1-a 1 a n i ne (Broquist  & 
Albrech t ,  1955) ,  and D-neopter in  ( teeming,  personal  
communicat ion).  Thus the C r i t h i d i a  assay is very s e l e c t i v e  
in i t s  response to p t e r id in e s  with f o l i c  acid e x h i b i t i n g  an 
a c t i v i t y  of  0.07% r e l a t i v e  to b i o p t e r i n ,  whi le  the f i g u r e  
fo r  the f o l a t e  analogues 5-methy1t e t r a h y d r o f o 1 a t e , 10-
fo r m y l t e t r a h y d r o f o l a t e  is less than 0.01% ( teeming,  1975) .  
Therefore the assay described in th is  chapter  measures the  
aggregate of the p te r ins  b i o p t e r i n ,  d ihyd rob io p te r in  and 
t e t r a h y d r o b i o p t e r i n  present  in the plasma samples. The 
assay e x h i b i t s  a c o e f f i c i e n t  of v a r i a t i o n  ( C .V . )  of  7.9% 
( teeming,  1975) and the s e n s i t i v i t y  is less than 0.2^g/ml  
(teeming & B l a i r ,  1980) .
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The c u l t u r e  medium fo r  C r i t h i d i a  f a s c i c u l a t a  is tha t
descr ibed by Guttman & Wal lace in 1964 wi th the addi t ion of
1% casamino acids as suggested by Iw a i ,  Kobashi & Fugisawa
(1970 ) .  The complete c u l t u r e  medium which does not d i f f e r
s u b s t a n t i a l l y  from the o r i g i n a l  medium of Cowperthwaite et
£ i ,  (1953)  wi th more c lo s e ly  def ined n u t r i t i o n a l
requi rements ,  is shown in t a b l e  2 .8 .  The inclusion of
casamino acids produces a considerab le  increase in maximum
growth (Leeming,  1975) .  The in g r e d i e n t s ,  wi th the except ion
of v i t am in s ,  haemin, t r i e t h a n o l  amine and casamino acids
were- made to a 10 - fo ld  co n ce n t r a t io n ,  steamed fo r  20
minutes to promote so lu t ion  and f o r  p a r t i a l  s t e r i l i s a t i o n
0
before being stored in s t e r i l e  screwcapped bo t t l e s  at 4 C.
The v i t am in s ,  apar t  from f o l i c  acid were prepared as a dry
0
mix and again stored at  4 C. Fo l i c  acid was kept as a stock 
so lut ion  at  a concent rat ion  of  100ng/ml and 0.5ml added to 
every 100ml of  doub le -s t rength  medium. The haemin was 
dissolved at  a concentraion of  5mg/ml in 50% 
t r i e t h a n o l  amine. When prepar ing the medium, ha l f  the 
t r i e t h a n o 1 amine was added br inging the base above pH 7.0 to 
prevent p r e c i p i t a t i o n  on subsequent add i t ion  of the haemin; 
with the a d d i t i on  of the haemin the other  h a l f  of the 
t r i e t h a n o 1 amine was added. C r i t h i d i a  f a s c i c u l a t a  w i l l  grow 
over a wide range of pH values (3 .8  - 6 .3 )  in a def ined  
medium wi th the p r e c i p i t a t i o n  of haemin not appearing to 
hinder growth (Tamburro & Hutner ,  1971) .  However i t  is 
d i f f i c u l t  to measure growth using t u r b i m e t r i c  techniques  
when there  is a background of p r e c i p i t a t e d  haemin. Since 
the a d d i t i on  of  carbohydrate to the medium permits growth
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up to pH 8 .2  (Nathan & Cowperthwait e ,  1955) ,  the complete
doub le -s t re ng th  medium was adjusted to a more basic pH of
7 . 5 .  The ad d i t i on  of the bu f fe red  sample or standard
a l t e r e d  the pH to 5 .5  which agrees with the optimum pH
observed by Baker ejt ^  (1974 ).
The plasma samples were d i l u t e d  in b u f f e r  to produce a
b i o p t e r i n  concent ra t ion  in the growth range fo r  C r i t h i d i a
f a s c i c u l a t a .  Each sample was d i l u t e d  1 in 20 with Q.2M
phosphate b u f f e r  pH 5 .0  and autoclaved fo r  three minutes at  
0
115 C to cause d e p r o t e i n i s a t i o n  , a f t e r  which 0.5ml of  
d i l u t e d  sample was added ( in  t r i p l i c a t e )  to tubes
conta in ing  1.5ml of  d i s t i l l e d  water  and 2ml of the double­
st rength medium c o c k t a i l .  Standards ( in  t r i p l i c a t e )  were
prepared by adding 0,  10, 20,  30,   100 picograms of
b i o p t e r in  per tube in 0.5ml q u a n t i t i e s  of 0.2M phosphate 
bu f fe r  pH 5 . 0 .  The volume was adjusted to 4ml by the
addi t ion  of  1.5ml of  d i s t i l l e d  water  and 2ml of  double­
st rength medium. Each tube was then autoclaved at a
0
temperature of  115 C f o r  f i v e  minutes before being
inoculated wi th the C r i t h i d i a  f a s c i c u l a t a  c u l t u r e .  The
stock c u l t u r e  was subcul tured in maintenance medium
(Leeming & B l a i r ,  1974) -  t a b le  2 .9 .  Img/ml a m p i c i l l i n  was
added, to prevent  b a c t e r i a l  contaminat ion wi thout  a f f e c t i n g
the growth of  C r i t h i d i a  f a s c i c u l a t a ,  and the cu l tu re  was
0
incubated f o r  2 days at  29 C in the dark before being 
0
stored at  -20 C. The inoculum was prepared 4 days p r i o r  to
inocu la t ion of  the samples by adding 1 drop of the 2 day
cu l tu re  a s c e p t i c a l l y  to 15ml of  s in g le -s t r e n g t h  medium and
0
incubat ing at  29 C fo r  4 days to exhaust the p t e r id in es  in
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growth was added to 2Ümi of s i ng1e - s t rengtn medium and t h i s
co nst i tu ted  the inoculum. A f te r  t ne add i t ion  of a m p i c i l l i n
at a concent rat ion  of 25mg/ml, to the inoculum, 1 drop was
added to each of the samples and standards using a s t e r i l e
pasteur p i p e t t e .  The inoculated tubes were incubated at  
0
29 C in the dark fo r  4 days, a f t e r  which the growth was 
read at  590nm against  uninoculated medium containing the 
d i l u t e d  serum sample, on a G i l f o r d  micro-sample 
spectrophotometer  300 using a semi-automated system 
(Leeming & Graham, 1973) .  The system consisted of the 
spect rophotometer , a char t  recorder  and dispensers operated 
by a sample changer (Hook & Tucker) .  The sample changer had 
40 s t a t i on s  each wi th 3 (75 x 15 mm) tubes,  s i ted r a d i a l l y .  
I t  had 2 programmes; the f i r s t  f o r  reading moved a probe 
inwards sampling from each of  the 3 tubes w h i ls t  s i m u l t ­
aneously mixing the adjacent  tubes before moving to the 
next s t a t i o n ,  and the second programme operated the 3 
dispensers which de l i ve red  a l i quo ts  simul taneously to the 
three tubes at  each s ta t io n  and could thus be used fo r  
se t t i n g  up assays.
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Table 2.8 Culture medium for Crithidia fasciculata
Par t  J_
Component Quant i ty  (g)
L - a rg in in e  hydroch lor ide  5 . Q
L-glutamic acid 10.0
L - h i s t i d i n e  hydroch lor ide  3.0
D L - i soleucine 1.0
DL- leucine 1.0
L - ly s i n e  hydroch lor ide  4 .0
DL-methion ine 1.0
DL-pheny1 a 1 anine 0 .6
DL-tryptophan 0 ,8
L - ty r os ine  0 .6
DL-val ine  0 .5
E t h y le n ed ia m in è t e t r aa c e t ic  acid 6 .0
Boric acid 0.005
Calcium c h l o r i d e  0.005
Cobalt sulphate 0.025
Copper sulphate 0.025
Ferr ic  ammonium sulphate 0.010
Manganese sulphate  1.4
Magnesium sulphate 6.5
Tr i -potassium phosphate 1.5
Zinc sulphate 0 .5
Sucrose 150.0
- make up to a volume of 1 l i t r e  and steam f o r  20 
0
minutes at  100 C and store in s t e r i l e  bo t t l e s  in the dark 
0
at 4 C f o r  up to 3 months.
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Par t  2
Component Quant i ty  (g)
Aden ine “TTD '--- --------
B io t i n  0,001
Calcium pantothenate  0 . 3
Ni cot i nic acid 0 . 3
Pyridoxamine d ih yd ro ch lo r i de  0.1
R ib o f l a v in  0.06
Thiamine hydroch lor ide  0 .6
0
- gr ind to g e t h e r  and store  dry in the dark at  4 C. 
Part  _3
Haemin - 5mg/ml in 50% t r i e t h a n o la m in e ;  f r e s h l y  prepared 
part  4
Fol ic  acid - 100ng/ml;  f r e s h j y  prepared.
Double s t rength  medium - 100 ml
D i s t i l l e d  water  78 ml
Part  1 20 ml
Part  2 4 .8  mg
Vitamin f r e e  casamino acids 2 .0  mg
Tr ie thanolamine  (added a f t e r  par t  3) 0 .5  ml
Part  3 1 . 0 m l
Part  4 0.5  ml
- ad jus t  pH to 7.5 with sulphur ic  ac id.
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able 2.9 Maintenance medium for Crithidia fasciculata
Component Quant i ty
Yeast e x t r a c t  0".3 g
Try p t icase  0 .3  g
Sucrose 0.25 g
Liver  f r a c t i o n  L 0.01 g
Haemin 5 mg/ml in 50%
t r i e thano lamine  
- 0 .5  ml
-  the volume is brought to 100 ml wi th d i s t i l l e d
water and the pH adjusted to 7 . 5 ,  8% g l yce ro l  is added to
0
al low c u l t u r e s  to be f r o z e n  at  -20 C f o r  up to 3 months.
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2.13 T e t r ah y dr ob io p t e r in  ana lys is
The co ncent ra t ion  of  t e t r a h y d r o b i o p t e r i n ,  the co fac tor
f o r  the enzyme ty ro s i n e  hydroxylase in the ra t  brain
samples was est imated by high pressure l iq u id
chromatography wi th subsequent e lec t rochemica l  de tec t ion
(LCEC). The chromatographic system employed has been
descr ibed p rev ious ly  in sect ion 2.7 of t h i s  chapter .
Separat ion was achieved using a 4 .5  X 250 mm column
conta in ing Spherisorb 5 jjm ODS reverse-phase packing
m a t e r i a l .  I n i t i a l l y ,  the c i t r a te - p h o s p h a te  i s o c r a t i c
( e l a t i o n  wi thout  change in solvent  composi t ion)  solvent
system of  Braut igam,  Dreesen & Herken (1982)  was employed
13.3 mM c i t r i c  acid
6 .6  mM disodium hydrogen orthophosphate
60 jjM disodium e t h y le n e d ia m in e t e t r a a c e t ic  acid
1.4 mM 1-oc tanesu1phonic ac id ,  sodium s a l t
- a d ju s te d  to pH 3.3 wi th sodium hydroxide
methanol - 5 -  10% ( v / v )
The reduced b i o p t e r in  standard,  7 , 8 - d i h y d r o - L - b i o p t e r i n
(BH ) was obtained as the f r e e  base w h i l s t  5 , 6 , 7 , 8 -
2
t e t r a h y d r o b i o p t e r i n  (BH ) was suppl ied as the
4
d ihyd ro ch lo r i de .  The BH standard employed consisted of  a
4
mixture of the two 6-d ias tereo isomers  as t h i s  was the only
form of the p t e r i d i n e  a v a i l a b l e  when suppl ied.  The natural
isomer is the 6-R form and is the sole isomer observed in
b i o lo g i ca l  t i s s u e .
Storage of  BH was in sodium phosphate b u f f e r  pH 6.8 at  
0 2
-20 C wh i le  BH was stored in 0.1 M hydrochlor ic  acid again 
0 4
at -20 C.
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Although the c i t r a te - p h o s p h a te  mobi le phase produced 
separat ion  of the reduced b i o p t e r in s  as was observed by 
Brautigam ^  ^  (1 982 ) ,  excessive base l ine  noise was
exper ienced using both glassy carbon and carbon paste ( o i l  
based) working e lec t r od e  sur faces.  Other workers have 
pre v ious ly  reported adverse exper iences using c i t r a t e  
b u f f e r s .  Crombeen, Kraak & Poppe in 1978 stated that  metal  
ions in the e luen t  from the column (as a r e s u l t  of  
corrosion of  the s t a in l e s s  s tee l  column by the c i t r a t e  
b u f f e r )  may cause d i f f i c u l t i e s  when using an 
e lec t rochemica l  d e te c to r .  This c r i t i c i s m  was l a t e r  
supported by Behner & Hubbard in 1979. The presence of  
excessive base l ine  noise w i l l  l i m i t  the s e n s i t i v i t y  of the 
e lec t rochemical  de tec to r  and th e r e fo re  an improved 
i s o c r a t i c  so lvent  system was sought.  A phosphate based 
mobile phase p rev ious ly  employed to separate catecholamines  
( M i l l a r ,  1981) was found to be as e f f e c t i v e  as the c i t r a t e -  
phosphate b u f f e r  in separat ing the reduced b i o p t e r i n s ,  and 
also produced a more s tab le  ba se l ine .  EDTA was added as a 
precaut ionary measure to complex any metal ions and to 
improve the s t a b i l i t y  of the base l ine .  In a d d i t io n ,  the 
mobile phase was prepared using d i s t i l l e d  water which had 
been r e d i s t i l l e d  from potassium permanganate. The f i n a l  
choice of so lvent  employed in the assay was as f o l l o w s : -  
0.1 M potassium dihydrogen orthophosphate  
0.1 mM d i sod i urn EDTA 
0.2  mM sodium octy l  sulphate  
-pH adjusted to 3.5 with orthophosphoric acid 
2 - 8 %  methanol ( v / v )
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The 5 urn ODS column was capable of reso lv ing the two
diaste reoisomers of BH ( f i g u r e  2 . 3 1 ) .  Under ty p ic a l
4 ' '
cond i t ions in which the mobi le phase contained 3% methanol
and the f low ra te  was 1ml /minute,  the capac i ty  factors  were
2.87 f o r  the na tura l  d ias te reo isomer  and 4 .00  fo r  the other
S- isomer.  (The capac i ty  f a c t o r  is a measure of the capac i ty
of the column to r e t a i n  a given sample, and is def ined as
f o l l o w s : -
Capaci ty f a c t o r  = t  - t
t
0
where t  is the r e te n t i o n  t ime of the s o lu te ,  and 
s
t  is the r e t e n t i o n  t ime of a non-retarded mater ia l
0
tha t  is the void volume).
By c a l c u l a t i n g  the area of  each of the two peaks from
the chromatogram, i t  is ev ident  th a t  the two compounds are
present in the r a t i o  3 :1 ,  thus conf i rming tha t  the two
peaks observed are the two stereoisomers of BH since t h i s
4
corresponds to the propor t ion of the two isomers present in
the standard.  (Sch i rcks ,  personal communication).  In
ad d i t i on ,  an i d e n t i c a l  chromatogram was obtained on
i n je c t io n  of the BH standard onto a high pressure l i q u i d
4
chromatograph employing a Pye Unicam v a r ia b le  wavelength
u l t r a v i o l e t  de te c to r  set at  267 nm ( f i g u r e  2 . 3 2 ) ,  the peak
wavelength at  which te t ra hy dr ob io pe r in  absorbs. This adds
weight to the argument tha t  the second peak is an isomer of
BH and not an impur i ty  in the sample.
4
Hencefor th,  a l l  weights of BH w i l l  be expressed as the
4
actual  weight  of the na tura l  stereoisomer ,  tha t  Is the
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Figure 2 .31  Chromatographic separat ion of
t e t r a h y d r o b i o p t e r in 1somers as detected  
e l e c t r o c h e m i c a l l y .
Separat ion of  the 2 isomers of  t e t r a h y d r o b io p t e r i n  (R 
and S) by HPLC with e lect rochemica l  de te c t i o n .  Mobi le  
phase cond i t ion s  are as described in the t e x t ;  3% 
methanol ( v / v )  wi th a f low ra te  of 1ml/min.  A p o t e n t ia l  
of +0.25 vo l t s  was employed and 55ng of  a mixture of  
isomers of  t e t r a h y d r o b i o p t e r i n  was in jec te d  in a volume
of 1 0 0 ^ 1 .
Figure 2 .32  Chromatographic separa t ion  of
t e t r a h y d r o b i o p t e r i n  isomers as detected at  
267 nm.
Separat ion of  the 2 isomers of t e t r a h y d r o b i o p t e r i n  at  
267nm (Pye-Unicam LC3).  Mobile phase condi t ions are as 
descr ibed in the t e x t ;  3% methanol ( v / v )  wi th a f low  
r a t e  of  Im l /m in .  333ng of  a mixture  of the  
d i hy d ro c h lo r i d e  of both isomers was in jec ted  in a 
volume of  20^1.
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amount of standard in jec te d  onto the column w i l l  be
correc ted  to account f o r  the unnatural  isomer and fo r  the
presence of the d ihyd roc h lo r i de  in the standard.
To determine the r e l a t i o n s h i p  between the appl ied
ox i da t io n  p o t e n t i a l  and the output from the de te c to r ,
yoItammograms were const ructed f o r  BH and BH ( f igur es  2.33
4 2
& 2 . 3 4 ) .  I t  is ev ident  th a t  an ox ida t ion  p o te n t i a l  of only
+0.25 vo l ts  is s u f f i c i e n t l y  p o s i t i v e  f o r  the analysis of
BH whereas +0 .8  vo l ts  is requ i red to measure BH . I t  was 
4 2
not possible  to de tec t  b i o p t e r i n  under these cond i t ions.
The l i n e a r  response of the de tec to r  over the range of
BH standards In je c t ed  (15 pg - 2.85 ng) is shown in f i g u r e  
4
2 .3 5 ,  wi th the minimal de te c ta b le  quan t i t y  being 15pg.
The concent ra t ion  of t e t r a h y d r o b i o p t e r i n  in ra t  bra in
was measured by the r ev er se -p hase LCEC technique using the
e x t r a c t i o n  procedure of  Brautigam & Dreesen (1982 ) .  The r a t
brain samples were homogenised in 4 volumes of f r e s h ly
prepared 0.2M p e r c h lo r ic  acid conta in ing 10mM ascorbic acid
0
which was precooled to 0-4 C and degassed. The ascorbate
was present  to prevent  ox ida t io n  of  the unstable BH . The
4
samples were then cen t r i fuge d  f o r  20 minutes at 15,000g 
0
(4 C) wi th storage on ice before and a f t e r .  Fol lowing
c e n t r i f u g a t i o n ,  the BH content  of the supernatant was
4
determined by d i r e c t  i n j e c t i o n  onto the column. The high
s e n s i t i v i t y  and s e l e c t i v i t y  of  the e lect rochemica l  de tec to r
and the low ox id a t io n  p o t e n t i a l  (+0.25V)  employed to detect
BH al lows d i r e c t  i n j e c t i o n  of  the supernatant  with no 
4
proceeding p u r i f i c a t i o n  step being requ i red.
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Hydrodynamic voltammogram of  
t e t r a h y d r o b i o p t e r i n
The response of  the de tec to r  to constant  q u a n t i t i e s  of
ana ly te  in j e c t e d  onto the column w i l l  vary with the
po te n t i a l  appl ied to the working e l e c t r o d e .  A
c h a r a c t e r i s t i c  sigmoid curve is produced when the
appl ied p o t e n t i a l  is p l o t t ed  against  the de tec to r
output .  The mobi le phase is as described in the t e x t ;
5% methanol ( v / v )  wi th a f low ra te  of 1 .5ml /min.  6.3ng
t e t r a h y d r o b i o p t e r i n  is in jec ted  onto the column in a 
volume of  lOOjjJ +0 -2 5 V is sufficiently positive to 
detect BH4 while minimising oxidation of sample impurities.
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Fig are  2 .3 4  Hydrodynammic voltammogram of
d l h y d r o b lo p t e r ln .
Detector  response to a constant  amount of
d 1 bydrohiopter 1 n in je c t ed  onto the column at d i f f e r i n g
p o t e n t i a l s  appl ied to the working e l e c t r o d e .  The mobile
phase is as descr ibed in the t e x t ;  7% methanol ( v / v ) ,
f low r a t e  2ml /min.  SGng d i hy d ro b i o p t e r in  is in jec ted  
onto the column in a volume of  lOOpl.
CO
^ ■ 1 'c\j -C
CO Lo
^ ^ e c t o r ^ i n e a r i t y  to ^  
t e t r a h y d r o b i o p t e r i n .
The graph i l l u s t r a t e s  the l i n e a r i t y  of the  
e l e c t r o c h e m i c a l  detector t o  t e t r a h y d r o b i o p t e r i n .  Each 
p o i n t  r e p r e s e n t s  the mean of 2 i n j e c t i o n s .  The minimal  
detec tab le  q u an t i t y  was c a l c u l a t e d  t o  be 15 picograms.
The chromatographic s e p a r a t i o n  o f  d i h y d r o o i o ^ e r i n  and
the two stereoisomers of BH in the reverse-phase HPLC
4
system is shown in f i g u r e  2.35 which can be compared to a
chromatogram obtained from r a t  co r t ex .  BH cannot be
2
detected in t i s s u e  samples using the method described above
due to a number of d is tu rb in g  peaks being present in the
chromatogram as a r e s u l t  of the much higher  ox ida t ion
p o t e n t ia l  (+0 .8  V) which must be ap p l i ed .
The recovery of BH from t i s su e  homogenates was
4
est imated by adding increas ing q u a n t i t i e s  of BH standard
4
to '400^1 0.2M p e rc h lo r i c  acid (conta in ing  lOmM ascorbic
ac id)  and 50mg r a t  brain cor t ex .  Each sample was then
subjected to the e x t r a c t i o n  procedure described above and
the BH content  measured. The r e s u l t s  are shown in f i g u r e  
4
2.37 which demonstrates th a t  the e x t r a c t i o n  of BH was
4
s a t i s f a c t o r y .
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Figure 2 .36  Typical  examples of chromatograms.
Typical  separat ion of  the p t e r id in e s  on the reverse-
phase column
(a)  d i hy d ro b io p te r i n  standard
(b) standard so lut ion  cons is t ing  of a mixture of  the R 
and S isomers of  t e t r a h y d r o b io p t e r i n
(c)  r a t  b ra i n  homogenate sample showing the presence of  
only the R isomer of  tet rahydrobioptext .n  
chromatographic condi t ions are as described in the
Jtext .
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Figure 2 .3 7  Recovery of  t e t r a h y d r o b i o p t e r i n .
The graph shows th a t  the recovery of  
t e t r a h y d r o b i o p t e r i n  from r a t  brain homogenates was 
constant over the concentrat ion range shown. The 
t r i a n g l e s  represent  the unextracted standards whi le the  
ex t rac ted  samples are represented by the c i r c l e s .  Each 
point  represents the mean of  2 observa t ions .  
S t a t i s t i c a l  ana lys is  demonstrates no s i g n i f i c a n t  
d i f f e r e n c e  between the slopes of the two l i n e s .
2.14  D i h y d r o p t e r i d i n e  Reductase ( DHPR) A c t i v i t y
0 i h y d r o p t e r 1d i ne r educ t as e  a c t i v i t y  (DHPR) in r a t  brain
was measured by t he  method o f  Purdy e_t ^  (1981)  which was
s i m i l a r  to the techniques employed by Craine,  Hal l  &
Kaufman (1972)  and N ie lsen ,  Simonsen & Lind (1969) with the
add i t ion  of sodium azide as a ca ta l as e  i n h i b i t o r .  A 1 in 4
homogenate of the ra t  brain samples was prepared in 0.1M
T r i s ,  0.04M potassium c h lo r id e  bu f fe r  pH 8.0  and
0
cent r i fuge d  at 19,000g f o r  1 hour at  4 C. D ihydropte r id ine
reductase a c t i v i t y  was assayed spect rophotometr ical  ly by
fo l lo w i ng  the disappearance of reduced nicot inamide adenine
0
d i n u c le o t id e  (NADH) at  340nm at 25 C in 20jji of the brain  
supernatant  d i l u t e d  to 1ml. The assay r e l i e s  on the a b i l i t y  
of peroxidase to generate quinonoid d i h y d r o p t e r i n , one of  
the subst rates  f o r  d i h y d r o p te r id in e  reductase,  from the  
corresponding t e t r a h y d r o p t e r i n  (Storm & Kaufman, 1968) 
equat ion 2 . 5 .
peroxidase
Te trahydropte r  in + HO  -------------------------->
2 2
Quinonoid d ihyd rop te r in  + 2H 0
2
Equation 2 .5
Figure 2 .38  shows the scheme f o r  t h i s  assay system. The 
react ion ca ta lysed by peroxidase thus replaces the
hydroxylase cata lysed reac t ions  normal ly employing 
t e t r a h y d r o b i o p t e r i n  as a co fac tor  in v ivo.  The assay 
u t i l ’izes sodium azide as a ca ta lase  i n h i b i t o r  in order  to 
prevent the reduct ion of hydrogen peroxide.  Peroxidase and 
hydrogen peroxide c o n t i n u a l l y  reox id ise  the reduced
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HgO + NAD
Dihydropteridine 
reductase
NADH + + ho.
TETRAHYDROPTERIN
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Figure 2 .3 8  Schematic re presenta t ion  of
d i h y d r o p t e r i d i ne reductase assay
The diagram i l l u s t r a t e s  the p r i n c i p l e  of the assay f o r  
DHPR a c t i v i t y  in which the disappearance of  NADH is 
measured sp ec t r o ph o to m et r ic a l l y .
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t e t r a h y d r o p t e r i n  to the quinonoid d i hy d ro pt e r in  and thus 
m a i n t a i n  the c o n c e n t r a t i o n  o f  t he l a t t e r  v i r t u a l l y  
constant ;  t h a t  i s ,  the concent ra t ion  of the quinonoid form 
in the r ea c t ion  mixture  is equal to the concentrat ion of  
the t e t r a h y d r o p t e r i n  present  i n i t i a l l y  (Craine ^  a l ,  
1972) .
The incubat ion mixture  consists  of the fo l lo w i ng  
components : -
1) T r is - (hydroxymethy l  )aminomethane 0.1 M, pH 7. 1
-3
2) Sodium azide 2 .5  X 10 M
3) Horse raddish peroxidase 8 mg/100 ml
— 2
4) Hydrogen peroxide 10 M
5) Rat bra in  supernatant
- 4
6) 6 -Methy1 - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n  10 M
- 3
7) NADH 10 M ^
A f t e r  the add i t i on  of NADH which was in v a r ia b ly  the
f i n a l  component added, the mixture was b r i e f l y  vor texed.
The ad d i t ion  of each component resu l ted  in assay condi t ions
-4
as f o l l o w s : -  0.05M Tr is /HCl  bu f f e r  pH 7 .2 ,  2.5X10 M
-3 -5
sodium a z id e ,  10 M hydrogen peroxide,  10 M 6 - me thy l -
- 4
5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n  , 8^g peroxidase,  10 M NADH and
enzyme in a f i n a l  volume of 1ml.
I t  has p rev ious ly  been demonstrated t h a t  NADH is a 
be t te r  subs t ra te  than NADPH (Nie lsen ^  £_1_, 1969 ) f o r
d ih yd ro pt e r id in e  reductase from several  species of  
mammalian l i v e r .  Hence the use of NADH in the assay system 
described above in preference to NADPH.
The reduct ion of quinonoid d ihydropte r in  to the  
corresponding t e t r a h y d r o p t e r i n  can occur both spontaneously
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or by the enzyme d i h y d r o p t e r i d i n e  reductase (Kaufman,  
1961) .  Blank r a t e s ,  tha t  is the nonenzymatic reduct ion of  
quinonoid di hydropte r i  n by py r id in e  nucleot ide were 
determined by om i t t ing  brain  supernatant  from the assay 
system.
The ra te  of  re ac t ion  was measured by the decrease in 
absorbance at  340nm in a Pye-Unicam SP500 spectrophotometer  
from 1 minute of  the ad d i t ion  of  NADH to ensure tha t  mixing 
was complete and the reac t ion  es ta b l i s h ed .  The o p t i c a l  
densi ty  changes were recorded f o r  a period of 7 minutes 
(samples and blanks being read against  wa te r ) .  Enzyme 
a c t i v i t i e s  were ca lc u la te d  as the ra te  of ox ida t ion of NADH 
and expressed as nanomoles NADH/minute/mi11igram t i ssue or  
pr o t e in .  The re ac t ion  was l i n e a r  with t ime ( f i g u r e  2 . 3 9 )  
i n d i c a t i n g  t h a t  the format ion of  7 ,8 -d ih yd r op te r in  by 
spontaneous i somér isat ion  of  the unstable quinonoid 
d ihy dro pte r in  was i n s i g n i f i c a n t  during the course of the  
assay. Figure 2 .40  demonstrates the e f f e c t  of varying the 
concentrat ion of the subs t ra te ,  5-methy 1 - te t r a h y d r o p te r in  
on enzymatic a c t i v i t y .  P re l im inary  experiments demonstrated 
that  th is  compound was as appropr ia te  a substrate  as 6 , 7 -  
dimethyl  t e t r a h y d r o p t e r  i n fo r  d ih yd ro pt e r id in e  reductase  
from the bra ins  of the species of ra ts  employed in our
experiments ( Sprague-Dawley ) .  Using 6-methy1- t e t r a h y d r o -  
pter in  as a s u b s t ra te ,  the a c t i v i t y  of  d ihyd rop te r id ine
reductase was 10.3 nmoles NADH/minute/mg prote in (n=8)
whi le i t  was 8 .9  nmoles NADH/minute/mg prote in (n=6) when 
the dimethyl  compound was the subst ra te  (not s i g n i f i c a n t  at  
the 5% l e v e l ) .  the e f f e c t  of a l t e r i n g  the NADH
146
c o n c e n t r a t i o n  i n t he incubat ion medium on d i h y d r o p t e r i d i n e  
reductase a c t i v i t y  can be seen in f i g u r e  2 .4 1 .  in a d d i t io n ,  
the a c t i v i t y  of  the enzyme was l i n e a r l y  r e l a t e d  to t i s sue  
concent rat ion  ( f i g u r e  2 . 4 2 ) .  An i n te r -a s s a y  c o e f f i c i e n t  of  
v a r i a t i o n  of 7.2% was ca lc u la te d  f o r  the assay as described  
above.
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Figure 2 .3 9  A c t i v i t y  of d i hyd rop te r id ine  reductase  
with t ime.
The graph i l l u s t r a t e s  tha t  the assay is l i n e a r  up to 3 
minutes.
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A c t ! v l t y  of  d ih yd ro pt e r id in e  reductase  
as a func t ion  of p t e r in  concentra t ion .
The graph i l l u s t r a t e s  the k in e t i c s  of DHPR with respect  
to the s u b s t ra te ,  6-methy1 - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r l n  
co nc en t r a t io n .  Each point  represents the mean of 3 
o b s er va t io ns .
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Figure 2.41 A c t i v i t y  of  d i hy d ro pt e r id in e  reductase  
as £  func t ion  of NADH concent ra t ion .
The k i n e t i c s  of DHPR with respect  to subs t ra te ,  NADH 
concent ra t ion .  Each point  represents the mean of  3 
observât ions.
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Fiourf I . 42 L i n e a r i t y  of  d i h yd ro p te r i d in e  reductase
assay with amount of t i s sue  assayed 
The graph 1 1  l u s t r â te s  tha t  tTTe assay was l i n e a r  up to
at l e a s t  20mg r a t  brain  t i ssue  
the mean of  3 observat ions.
Each point  represents
2.15 Chol ine acet y l  t r a n s fe r a s e  (Chat)  a c t i v i t y
0
The d issected  regions of r a t  bra in were stored at -20 C 
u n t i l  C h o i i n e a c e t y l t r a n s f e r a s e  a c t i v i t y  could be est imated.  
This was possible  since t h i s  enzyme is s tab le  in f rozen  
t i s sue  f o r  r e l a t i v e l y  long periods (Fonnum, 1979c),  At the  
t ime of a n a l y s i s ,  the t i ssues  were removed from the f r e e z e r  
and al lowed to thaw on i ce .  Each sample was then
homogenised in 5 volumes lOmM disodium e t h y 1ened1 amine-  
t e t r a a c e t i c  acid (EDTA), pH 7.4 conta in ing 0.5% ( v / v )
t r i t o n  X-100.  The enzyme is mainly lo ca l i sed  in the  
synaptosomal f r a c t i o n  of the c e l l  and hence genera l l y  found 
in an occluded form in the homogenate. The purpose of the  
detergent  is to re lease  f u l l  enzymatic a c t i v i t y  from the  
t i s s u e s .  The t i s su e  homogenates were maintained on ice  
before being incubated wi th the appropr ia te  subst rates .  
Several  radiochemical  assays e x i s t  fo r  chol ine a c e t y l -  
t r an s f e ra se  (McCamen & Hunt,  1965; Fonnum, 1966; Goldberg,  
Kaita & McCamen, 1969; Bul l  & OderfeId-Nowak, 1971;
Tsuchida ^  1982 ) but in t h i s  study,  the a c t i v i t y  of
th is  enzyme was est imated by the method of  Fonnum (1979c) .
14
Using t h i s  method, a c e t y lc h o l in e  is formed from C 
l abe l l ed  acety l -CoA and unlabel led  chol ine during an 
incubat ion step.  The product is then separated from excess 
substrate by a l i q u i d  cat ion exchange re s in ,  and the  
l abel led a c e t y lc h o l i n e  counted in a s c i n t i l l a t i o n  counter .  
The incubat ion medium employed in the assay is shown in 
table 2 . 1 0 .  The inc lus ion  of  EDTA in the incubat ion medium 
provided p r o t ec t io n  and s t a b i l i z a t i o n  of chol ine a c e t y l -  
t ran s f e ra se .  The enzyme from d i f f e r e n t  sources can be
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ac t i v a te d  by high concent rat ions of s a l t s ;  e i t h e r  sodium or 
potassium ch lo r id e  can be employed. Buf fe r ing of the 
incubat ion medium can be accomplished by e i t h e r  phosphate 
or t r i s  H Cl as pH is not a c r i t i c a l  f a c t o r  due to the 
enzyme e x h i b i t i n g  a broad pH optimum. In order  to prevent  
hydrolys is  of a c e ty lc h o l i n e  formed by chol inesterases  
present  in the homogenate, a cho l in es t e r ase  i n h i b i t o r ,  
physostigmine was employed.
The most c r i t i c a l  f a c t o r  in c h o l in e a c e ty I t r a n s fe r a s e
a c t i v i t y  assays is the p u r i t y  and concent rat ion  of a c e t y l -
CoA. 'This must be of high q u a l i t y  otherwise e r r a t i c  resu l ts
are ob ta ined .  In a l l  assays c a r r i e d  out f o r  th is  th e s i s ,  
14
C acety l -CoA was obtained from Amersham I n t e r n a t i o n a l  pic 
and the un lab e l l ed  compound was suppl ied by Sigma Chemical 
Company and was 90-95% pure.  The actual  assay procedure was 
as f o l l o w s : -
2^1 of each brain homogenate ( in  t r i p l i c a t e )  was
p ipet ted in to  small  glass durham tubes,  on ice .  A f te r  the
addi t ion  of 5u1 of incubat ion mixtu re ,  the samples were 
' 0 
incubated f o r  15 minutes at  37 C. At the end of th i s
period the tubes were t r an s f e r re d  to s c i n t i l l a t i o n  v ia ls
into which had been dispensed 10ml to luene containing 0.5%
2 , 5 -d ipheny1oxazo1e (PPO) and 0.02% 1 , 4 - b is ( 4 -m e t h y 1-5-
pheny1oxazo1- 2 - y 1 ) benzene (POPOP) and 2m1 a c e t o n i t r i l e
containing lOmg ka l ig no s t  (sodium te t r a p h e n y 1 boron).  The
contents of the tube were then washed out with 5m1 of lOmM
sodium phosphate b u f f e r ,  pH 7 .4 .  Sodium te t ra ph eny1 boron
acts as a l i q u i d  ca t ion  exchanger (Fonnum, 1969a); tha t  i s ,
i t  is able to form ionic  complexes which are highly soluble
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in an organic phase of a c e t o n i t r i l e  r e l a t i v e  to an aqueous 
phase, b u f f e r  (Fonnum, 1969b) Moreover,  the a c e t y lc h o l i n e -  
Kal ignost  complex is very soluble  in a c e t o n i t r i l e  but 
almost in so l ub le  in water .
A f t e r  shaking the v i a l s  l i g h t l y  f o r  two minutes,  they 
were then l e f t  to stand u n t i l  the two layers separated out  
under g r a v i t y .  Once the layers had separated,  the a c t i v i t y  
was counted in the b iphasic  system. The l a b e l l e d  
a c e t y l c h o l i n e  formed by c h o l I n e a c e t y I t r a n s f e r a s e  was 
present  in the t o l u e n e - a c e t o n i t r i l e  solvent  and unreacted  
l a b e l l e d  acety l -CoA remained in the aqueous l ayer .  Since no 
s c i n t i l l a t i o n  a r ises  in the aqueous phase, the l a b e l l e d  
acetyl -CoA was not counted and only the l ab e l l ed  
a c e t y lc h o l i n e  in the organic l ay er  could be counted ( f i g u r e  
2 . 4 3 ) .  Counting was c a r r i e d  out in a Packard- T r ica rb  
S c i n t i l l a t i o n  Counter.
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Figure 2 .4 3  Schematic diagram o f  the chol ine  
a c e t y I t r a n s f e r a s e  product i s o l a t i o n  
procedure .
The Durham tube employed as a reac t ion  vessel  is
enlarged r e l a t i v e  to the s c i n t i l l a t i o n  v ia l  f o r
c l a r i t y .  S c i n t i l l a t i o n  counting is conf ined to the
t o l u e n e - a c e t o n i t r i l e  organic l ayer  conta ining the
product ,  a c e t y l c h o l i n e ,  whi le excess l a b e l l e d  a c e t y l -  
CoA remains in the b u f f e r  l ayer  and is not counted.
1e 2.10 Assay i n c u b a t i o n  c o n d i t i o n s  f o r
c h o l i n e  a c e t y I  t r a n s f e r a s e  a c t i v i t y
Component Volume added Final
concent ra t ion  concentrat ion
3.6M NaCl {21g/100ml )  25 j i l  300 mM
0.5M NaH PC , pH 7 .4  25 ul 41 mM
2 4 f
( 7 .8 g /1 00 m l )
0.43mM physost igmine s a l i c y l a t e  0.1 mM
(0 . 2 6 g / m l )  dissolved  
in EDTA
0.066M EDTA (adjusted  to pH 7 .4  50 ul 10 mM
with Na OH) '
0.2M chol ine  bromide 15 ^1 - 10 mM
0.6mM acety l -CoA 100 j j l  0 .2  mM
10% t r i t o n - X - 1 0 0  1 ^ 1 0.05%
t o t a l  volume 216 yj 1
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2.16 De l t a - ami  p. o l ae  y u l i  n i e  ac i d  synt hase
(ALA S) act 1V i ty  
The a c t i v i t y  of the enzyme de 1ta-amino 1aevu1in ic  acid 
synthase (E.C.  2 . 3 . 1 . 3 7 )  which is responsib le  fo r  the
conversion of  g l yc i ne  and succinyl  Co A into d e l t a -  
amino 1aevu1in ic  acid was measured in the brains of ra ts  by 
a m od i f i c a t i o n  of the i so top ic  method of Freshney & Paul 
( 1970 ) .
Fol lowing removal of the brains of the ra ts  the t i s sue
was homogenised in a so lut ion  comprising equal volumes of
0.9% sodium c h lo r id e  and a b u f f e r  prepared as fo l lows -
a 0 .12  M so lu t ion  of dipotassium hydrogen orthophosphate
( 2 0 . 9 0 2 g / l )  and of potassium dihydrogen orthophosphate
( 1 6 . 3 2 g / l )  are prepared.  To approximately 700ml of
dipotassium hydrogen orthophosphate is added 171.15g of
sucrose,  8.53g magnesium c h l o r i d e ,  7./,^^
e th y le n e d ia m in e te t r a a c e t i c  ac i d ,  sodium s a l t  (EDTA Na ) ,
2
0.075g g l yc i ne  and mercaptoethano1. The r e s u l t a n t  so lut ion
is then adjusted to pH 7.0 with the potassium dihydrogen
orthophosphate.  The remaining 300ml of the dipotassium
hydrogen orthophosphate is also t i t r a t e d  with the potassium
dihydrogen orthophosphate to pH 7.0 and used to adjust  the
buf fe r  volume to 1 l i t r e .  The b u f fe r  prepared as above
contains 0.5M sucrose,  90mM Mg Cl , 20mM EDTA, 1mM glyc ine
2
and mercaptoethano 1.
The actua l  assay is performed in a small 5ml 
polypropylene tube in d u p l i c a te .  200yjl of  the t i ssue  
homogenate is p i pe t ted  into the tube along with 200^1 of  
react ion mixture  prepared as shown below, and the tubes are
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0
incubated at 37 C fo r  1 hour in a shaking water  bath.  
Reaction b u f f e r  - A 0.05M so lu t ion  of potassium dihydrogen 
orthophosphate (3 .4g /5 00 ml )  and of dipotassium hydrogen 
orthophosphate ( 4. 335g/500m1 ) are prepared.  To 100ml of  
dipotassium hydrogen orthophosphate is added 
9.5 mg g l yc i ne  (0 .13M)
22.25 mg magnesium sodium maleate (0.11M)
108 mg magnesium c h lo r id e  (1.13M)
66 mg pyr idoxa l  phosphate (0.25M)  
the pH of  the r e s u l t a n t  so lut ion  is then adjusted to 5 .8  
with potassium dihydrogen or thophosphate.  The remaining 
400ml of dipotassium hydrogen orthophosphate is t i t r a t e d  to 
pH 6.8 wi th the potassium dihydrogen orthophosphate and 
used to ad jus t  the volume of  the reac t ion  mixture to 250ml.  
The r ea c t ion  mixture  employed in the assay is prepared by
taking 20ml of  the above b u f f e r  and spiking i t  with lOOul 
14 /
of 2 ( C) l a b e l l e d  su bs t r a te ,  g lyc ine  ( 5 3 . 5mCi/mmo1 . ) .
The r ea c t ion  is terminated by the addi t ion  of 40^1 of a
51|jM so lu t ion  of de l ta -amino laevu l  in ic  acid in 2M
t r i c h l o r o a c e t i c  acid to 200ul of  the incubat ion mixture .
0
The tube is then mixed, sonicated and stored at  -20 C u n t i l
high vo l tage e l e c t r op ho re s is  can be performed. Separat ion
of the l a b e l l e d  su bs t r a t e ,  g lyc ine  from the product ,  d e l t a -
aminolaevul  in ic  acid is achieved by high vol tage
e lec t rop ho res is  ( L e c a r t e ) .  The p r e c i p i t a t e  from each
sample is removed by c e n t r i f u g a t i o n  and the c l e a r
supernatant spotted onto Whatman 3MM chromatography paper
for  e le c t r o p h o r e s i s .  Separat ion is performed at  2000V at  
0
4 C in 0.05M potassium phtha la te  b u f f e r .  A f t e r
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e l e c t r o p h o re s is  and drying the two spots are i d e n t i f i e d  by 
spraying wi th n i nh y dr in ,  cut out and burned using a 
o x i d i s e r  (Packard ) ,  before being counted (Packard 
t r i c a r b  l i q u i d  s c i n t i l l a t i o n  counter )  f o r  a period of 100 
minutes in order  to obtain s u f f i c i e n t  counts due to the low 
a c t i V i t y  p r e s e n t .
2.17 Tissue p ro te in  concent rat ion
Tissue p r o t e i n  concent ra t ions were measured by the  
method of Lowry ^  ^  (19 51 ) .  The samples were d i l u t e d  
using water  to give a p ro t e in  concent rat ion  in the range 0-  
200j jg/ml .  To 1ml of each d i l u t e d  sample ( i n  d u p l i c a te )  was 
added 5ml of  a so lu t ion  conta in ing
0.5ml 2% sodium t a r t r a t e
0.5ml 1% copper sulphate .5H 0
2
per 50ml 2% sodium carbonate in 0.1M sodium 
hydroxide.
Standards were prepared using bovine serum albumin.
Protein so lut ions  in water conta in ing 25,  50,  100 &
200jjg/ml p r o t e i n  were prepared and to 1ml of each ( in
d u p l ic a t e )  was added 5ml of the above s o lu t io n .
The samples and standards were vortexed and al lowed to
stand f o r  10 minutes.  The purpose of th i s  step was to a l low
2 +
the i n i t i a l  reac t io n  of Cu and prote in  in a l k a l i .  A f t e r  
standing f o r  t h i s  period of t ime,  0.5ml of  a 1:1 d i l u t i o n  
of Fol in & C io c a l t e u ' s  reagent in water was added and the  
samples vortexed once more. This step involved the  
reduction of  phosphotungst ic and phosphomolybolic acids to 
molybenum blue and tungsten b lue ,  both by a copper -prote in  
complex and by ty ro s in e  and tryptophan of  the p r o t e i n .
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Although both ty ro s ine  and tryptophan give a colour
2 - r
r eac t ion  wi thout  Cu , the m a jo r i t y  of the colour  is due to 
prote i n .
A f t e r  a per iod of 30 minutes the samples and standards  
were read on a spectrophotometer  set at  a wavelength of  
750nm aga ins t  a reagent blank - 1ml d i s t i l l e d  water instead  
of the sample or standard.  ( Pye Unicam SP500 ser ies 2 ) .  The 
concentra t ion  of  pro te in  in each of the d i lu t e d  samples 
ca lc u la te d  from the standard graph,  an example of which is
shown in f i g u r e  2.44 was m u l t i p l i e d  by an appropr ia te
f a c t o r  to c o r r e c t  f o r  the d i l u t i o n  of the sample, thus 
producing a t i s s u e  p r o te in  concent ra t ion  expressed in
mg/ml.
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Figure 2 .4 4  Standard curve fo r  p ro t e in  es t im at i on .
A t y p i c a l  c a l i b r a t i o n  curve employed in the c a lc u la t io n  
of p ro te in  conce nt ra t ion s .  Each point  represents the  
mean of 2 observa t ions .
2.18 Statistical techniques
anThe data in t h is  thesis  w i l l  be ca lc u la te d  as the me
plus or minus one standard de v i a t i o n  (x + S . D . ) ,  the mean 
being c a lc u la te d  as -
X =
1
N
and the standard d e v i a t io n  being der ived from the formula -
2
S.D. = <  (x - x)
i
N - 1
where x is the i ' t h  va lue ,  x the mean of the data and N 
i
the number of  observat ions being considered.  For each set
of data p o in t s ,  3 po-raraet^rs termed the mean (average ) ,
median ( c e n t r a l  p o in t )  and mode (most f requent  observa t ion)
can be c a l c u l a t e d .  These parameters are shown g r a p h ic a l l y
fo r  a moderately skewed d i s t r i b u t i o n  in f i g u r e  2 .45 .  In the
case of  a p e r f e c t l y  symmetrical  d i s t r i b u t i o n  the va r iab les
a l l  co inc ide .  In s i t u a t io n s  where the data obtained are
found to d i s t r i b u t e  in a skewed fa sh i on ,  in which case
there w i l l  be a large d i f f e r e n c e  in the values of the mean,
CF»9^ «^. 2.1*5)
mode and the median,  then the geometric mean* w i l l  "be 
ca lcu la ted along wi th an appropr ia te  s c a t t e r  v a r i a b l e .  
Calcu la t ion  of the geometric mean w i l l  be according to the  
fo l lowing fo rmula -
1/N
Geometric mean = (fx 1 ] /^c2l.Xlx3l.............. xn )
where x is the f i r s t ,   n ' th  v a r i a b l e ,  and N is the
number of observat ions under cons idera t ion .
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Figure 2 .45 Mean, median and mode of  a symmetrical
and skewed d i s t r i b u t i o n .
Diagram i l l u s t r a t i n g  the divergence of  the mean ,sedi an 
and mode of  a skewed d i s t r i b u t i o n  in cont ras t  to a 
symmetrical  d i s t r i b u t i o n  in which they coincide.
The geometric mean, a useful parameter for skewed 
distributions falls to the left of the arithmetic mean 
in the skewed distribution shown above.
S t a t i s t i c a l  t e s t i n g  techniques employed w i l l  depend on 
the nature of the data .  Parametr ic  t e s t s ,  which can be 
appl ied to normal ly d i s t r i b u t e d  da ta ,  requ i re  tha t  c e r t a i n  
cond i t ions be met -
1. The observat ions must be independent from each other
2. They must be drawn from normal ly d i s t r i b u t e d  populat ions
3. The populat ions must have equal var iances w i th in  c e r t a i n  
l i m i t s .
I f  these condi t ions  are met then a parametr ic  t e s t  can and
should be appl ied since t h i s  type of t e s t  w i l l  be the most
powerful  f o r  r e j e c t i n g  the nul l  hypothesis (Ho - the
hypothesis of no d i f f e r e n c e )  when i t  should be r e j e c t e d .
Se lect ion of the appropr ia te  t e s t  f o r  each set of data was
performed wi th the aid of several  references (S i e g e l ,  1956;
Snedecor & Cochran, 1969; Bradford H i l l ,  1977; Green &
Marger ison,  1978; Ba i l e y ,  1981) .
Comparison of two groups of data by non-parametr ic
techniques was performed using the Mann-Whitney U t e s t .  The
data are f i r s t  of a l l  combined and ranked in ascending
order.  The values Li and U are then ca lcu la ted according
1 2 
to the fo l l o w i n g  formulae -
U = N 1 N 2 + N 1 ( N 1 + 1 ) - R 1  
1
U = N1 N2 + N2(N2+1) - R2 
2
2
Where R1 is the sum of the ranks assigned to the group
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whose sample s ize  is N1, and R2 is the sum of the ranks
assigned to the group whose sample s ize  is N2. These two
va lues,  U and U are r e l a t ed  by the formula - 
1 2
U = N1 N2 - U 
1 2
and i t  is the smal ler  value of U which is employed to t e s t  
the nu l l  hypothesis .  When t i e d  scores occur,  each of the  
t i e d  observa t ions  is given the average score they would 
have had i f  no t i e s  had occurred.
The parametr ic  l ea s t  squares regression analysis  of  
Pearson was employed to analyse l i n e a r  r e l a t i o n s h i p s .  A 
regression l i n e  of  y on x f o r  N pa i rs  of data points ( x , y )  
of the form:
y = a + bx is formed where,  
b = l E ( x - x ) X y - y )
c  2
and a = y - bx 
The c o r r e l a t i o n  c o e f f i c i e n t ,  r can be ca lcu la ted
r = IE (x -x  ) (y -y  )
\ 2 2 
J E ( x - x )  Z ( y _ y )
The degree of  associat ion can be examined s t a t i s t i c a l l y .
Non-parametr ic  c o r r e l a t i o n  analys is  was carr i ed  out
using the ranking t e s t  of  Spearman which ca lcu la tes  a
c o e f f i c i e n t  termed rho, r . Each value of X and Y is l i s t e d
s
and ranked independent ly .  The d i f f e r e n c e  between the X and
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the Y rank for each data point is then calculated (d
s q u a r e d  a n d  summated ( 2 d  ) .  This v a l u e  fo r  t h e  sum o f  t h e
i
s q u a r e s  o f  t h e  d i f f e r e n c e s ,  a l o n g  w i t h  t h e  number of d a t a  
p o in ts ,  N is entered into the fo l lo w i ng  formula -
<  2r = 1 - 6 2  d 
s i
N3 - N
Once again each t i e d  score receives the average rank which
would have been assigned had no t i e s  occurred.  Having
computed a value f o r  r , the nu l l  hypothesis tha t  the two
s
va r ia b le s  under study are not associated in the populat ion,
and t h a t  the observed value of  r d i f f e r s  from zero only by
s
chance is t e s t e d .  When the value of N is less than 10, the 
p r o b a b i l i t y  is c a lc u la te d  from appropr ia te  tables  publ ished  
in Siegel  ( 19 56 ) .  However, where more data points are 
a v a i l a b l e  the fo l lo w i ng  formula was appl ied to produce a t  
value wi th N - 1 degrees of freedom. -
t  = r N - 2
2
1 -  r
s
Where appropr ia te  the chi -squared t e s t  was employed to 
compare several  groups. In addi t ion  analys is  of var iance  
was also performed to compare more than two groups of data .
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CHAPTER 3
GLASGOW LEAD EXPOSURE SURVEY 1981
3. i i n t r o d u c t  I on
Studies have demonstrated tha t  s o f t ,  plumbosolvent water
suppl ies in o lder  houses with lead-soldered water pipes and 
l e a d - l i n e d  storage tanks w i l l  r e s u l t  in s i g n i f i c a n t  uptake 
of lead by the populat ion l i v i n g  in these areas (Moore,  
1977) .  The West of Scot land,  with special  re ference to 
Glasgow, represents a region where such fa c to rs  e x i s t .
The h i s to ry  of the water supply to the res idents  of
Glasgow has re ce n t l y  been reviewed (Goldberg,  1984) and 
dates back to the middle of  the Nineteenth Century when a 
Mr. John Bateman provided a report  on the s u i t a b i l i t y  of 
Loch Kat r ine  as a water supply fo r  the c i t y .  Even at th is
time the presence of lead in such water was noted and as a
r e s u l t  of opposi t ion from res idents  l i v i n g  in the north 
side of the c i t y ,  an enquiry was set up. Many eminent
people of the t ime gave evidence,  including Professor  
Freder ick Penny, a professor  of Chemistry in Glasgow.  
Although he i n i t i a l l y  stated th a t  he had, on analysis  of  
the water ,  found lead 'abundant ly present" and tha t  the 
water being 'h igh ly  charged with lead'  was 'decidedly  
poisonous' ,  he then proceeded to play down these f ind ings  
and subsequent ly stated th a t  the water was 'unexcept ionable  
in every r e s p e c t . '  Add i t iona l  statements were added by 
eminent engineers of the t ime such as Robert Stephenson and 
Isambard Kingdom Brunei -
'water of  p r ec is e ly  s i m i l a r  q u a l i t y  and having the same 
power has been h i t h e r t o  so used in contact  with lead 
without any e v i l  consequences. '
Burnet t ,  1869
160
Despi te e legant  experiments performed by Professor Si r  
Robert Chr is t ! so n  of Edinburgh (1844)  which c l e a r l y  
demonstrated t h a t  a l l  pure waters can act  on lead to 
disso lve  i t  and t h a t  the presence of neut ra l  sa l t s  would 
prevent  such an a c t i o n ,  t h i s  s c i e n t i s t  was not consul ted,  
and the water  works at  Loch Kat r ine  on the north side of  
the c i t y  wi th i t s  holding r e s e r v io r  at  Mugdock was opened 
in 1859. A few years l a t e r  an extension r es e rv o i r  was
constructed at  Craigmaddie (B u rn e t t ,  1869) .
Before long,  however,  cases of lead poisoning from water  
became ev iden t  both in Glasgow and indeed throughout the  
United Kingdom. Despi te such cases being noted at  the turn  
of the ce n t u ry ,  which undoubtedly resu l ted  at  l eas t  p a r t l y  
from water  ( O l i v e r ,  1914) ,  lead pipes and le a d - l i ne d  
storage tanks continued to be employed as standard 
pr ac t ic e  u n t i l  1968, and l e g i s l a t i o n  to l i m i t  the quant i t y  
of lead permiss ib le  in dr ink ing water was not in force  
u n t i l  1985. Even then,  the European Economic Community 
gu ide l ines are exceedingly vague:-  Running dr ink ing water  
may not conta in  lead in excess of 0.24|iM ( 5 0 j j g / l ) ,  but
where there  e x i s t  lead pipes and the lead content exceeds
0.48jjM ( 1 0 0 j j g / l )  e i t h e r  ' f r e q u e n t l y  or to an appreciable
ex ten t '  then measures must be taken to reduce the
consumers' exposure.  ( O f f i c i a l  Journal of the European 
Community, 1980) .
Not u n t i l  the 1970's was the f u l l  s ig n i f i ca nc e  of the 
conclusions of  Chr is t i son r ea l i s ed  -
1. Lead pipes ought not to be used f o r  the purpose of  
conducting wa t e r ,  at  l east  where the distance is
1 6 1
co ns id er ab le ,  wi thout  a c a re fu l  examinat ion of the water to 
be t r an sm i t te d
2. The r i s k  of  dangerous impregnation with lead is g rea tes t  
in the instance of  the purest  waters,
and
3. Water wi th less than about one in 8000th of sa l ts  in
so lut ion  cannot be sa fe l y  conducted in lead pipes wi thout
c e r t a i n  p recaut ions .
A r e l a t i v e l y  recent  study ca r r i ed  out by the Department  
of the Environment (DOE, 1977) revealed th a t  some 9% of the  
households in the United Kingdom had random water samples 
conta in ing  in excess of 0.48^M lead,  and t h i s  f i g ur e  f o r  
Scotland was 29%. This study agrees wel l  wi th the data  
obtained in Glasgow by Moore ^  ( 1977a) which showed
that  56% of  f i r s t  f lush water  samples and 31% of running
samples exceeded 0 . 4 ^ M .
Clear  r e l a t i o n s h i p s  have been demonstrated between water  
hardness or calcium co nce nt ra t ion ,  temperature and pH with  
p1umboso1vency (Moore, 1973) .  A po s i t i v e  r e la t io n s h ip  has 
been demonstrated between temperature and plumbosolvency 
while the r e l a t i o n s h i p  with calcium concentrat ion is of  an 
inverse e x p e n d n a t u r e .  The in f luence of pH on 
plumbosolvency is of  a more complex form. Plumbosolvency 
f a l l s  sharply  as the pH is raised from 4 to around 7. 
During the per iod when these studies c i ted  above were being 
carr ied ou t ,  the pH of the water supply to Glasgow was 6 . 3 ,  
a hydrogen ion concentrat ion which would re s u l t  in
s i g n i f i c a n t  lead d is so lu t io n  (Richards et  £l_, 1980;
Richards & Moore, 1982) .  F i n a l l y ,  in the l a t e  1970's the
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conclusions of Chr is t i son  were put in to  p r a c t i c e .  I n i t i a l  
studies in the east  end of the c i t y  suggested that  the 
a d d i t ion  of  3ppm lime (calcium hydroxide)  would adequately  
reduce plumbosolvency (Richards e_t £l_, 1980 ) .  Fol lowing
th is  p i l o t  study,  a f u l l y  automated closed loop lime dosing 
p lant  was b u i l t  a t  Mugdock and commenced operat ion in Apr i l  
1978. However, the addi t ion  of 4mg/l l ime proved 
i n s u f f i c i e n t  to achieve minimum plumbosolvency (Richards et  
a 1 , 1980 ) .  Although the pH of the water supply leaving
Mi lngavie  (c lose  to the source) was 7 . 8 ,  values of less 
than 7 were common at the d i s t a l  ends of the d i s t r i b u t i o n  
system. Subsequently in Apr i l  1980, the pH was raised to 9 
by increas ing the l ime to 5mg/l which maintained a pH 
grea te r  than 8 at  the tap ,  a value prev iously  demonstrated 
to be requ i red to reduce plumbosolvency ( B r i t to n  & 
Richards,  1981) .  A study performed p r i o r  to the increase in 
lime (Richards e^ 1980 ) i l l u s t r a t e d  th a t  a s i g n i f i c a n t
number of water  samples with e levated lead content  
continued to be found in houses with c e r t a in  features -
1. Older housing,  pre 1919
2. Housing wi th l e a d - l in e d  storage tanks
3. Housing wi th runs of copper to lead pipes
4. Housing occupied by a s ingle  i n h a b i t a n t ,  who would tend 
to run water  less f r e q u e n t l y .
This chapter  reports  the resu l ts  of a survey ca rr ied  out  
in Glasgow e a r l y  in 1981 at  a t ime when the water was being 
t reated wi th 5mg/l l ime.  The water lead leve ls  and the 
concentrat ions of heavy meta ls ,  lead and cadmium in the 
blood of i n h a b i t a n t s ,  w i l l  be compared to s i m i l a r  data of 2
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pr iuf - ,  in 19 79 (DOE, 1981) .  During th i s  period no 
other  source of lead was i d e n t i f i e d  to have a l t e r e d .
3.2  Methods
Random se lec t io n  of two hundred adul t  volunteers (82
males and 118 females)  res id ing  in the Glasgow area was
performed by inc lud ing in the study every twelve hundredth 
name appearing in the current  e l e c t o r a l  r e g i s t e r .  I f ,
however,  the se lected subject  decl ined to p a r t i c i p a t e  in 
the survey then another adul t  of the same sex, l i v i n g  in 
the same household,  or i f  t h is  was not possible in an 
adjacent  household,  was chosen. A venous blood sample was 
obtained from each volun teer  fo r  lead and cadmium 
e s t im a t io n ,  and a random water sample from the domestic 
water supply was est imated f o r  lead content .  In a d d i t i o n ,  
each vo lun teer  was in v i t e d  to complete a short  
ques t ionna i re  designed to obta in background informat ion on 
each su b je c t .  The q u es t i on na i r e ,  reproduced in appendix 2,  
in ad d i t io n  to providing informat ion about each subjects '  
age, sex,  e thn ic  o r i g i n ,  smoking and dr ink ing h a b i t s ,  
es tab l i shed i f  there  was à p o t e n t ia l  f o r  the vo lunteer  to 
be exposed to lead e i t h e r  in the home or at  t h e i r  place of  
employment.
A n a l y t i c a l  techniques employed are as described in the 
general  methodology chapter .
3.3 Results  
3.3 .1  Water lead
The d i s t r i b u t i o n  of  domestic water lead values obtained  
in the survey are shown in ta b l e  3.1 and f i g ur e  3 .1 .  9.4%
of the samples are in excess of 0.48yjM (1 0 0 ^ g / l )  and 13.4%
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exceed 0.24^M (5 0^ g /T ) .  D i f f e r e n t i a t i o n  of these values
into those obtained from houses b u i l t  before 1945 and those  
b u i l t  l a t e r  in d ica tes  tha t  the domestic water  supply from 
the o ld er  bu i ld ings  contains s i g n i f i c a n t l y  g r e a te r  
q u a n t i t i e s  of  lead than those from newer bu i ld ings  ( t a b l e
3 .2  & f i g u r e  3 . 2 ) .  Whi lst  17.3% of  the samples from the
o lder  house group were in excess of 0.24^M and 12.7% in 
excess of  0.48j jM, the f i g u r e s  fo r  the newer house group 
were 7.4% and 3.7% r e s p e c t i v e l y .
Table 3.1 D i s t r i b u t i o n  of  water lead va 1ues 
i n  Glasgow during 1981.
D i s t r i b u t i o n  of  lead in domestic water samples in a random 
se lec t ion  of  houses in Glasgow in 1981.
Water lead 
concent ra t ion  
(yjmol/ l  )
Percentage of  
samples 
(No. = 197)
Cumulative
percentage
<0.05 43.7 43.7
0 .05 16.8 60.5
0 .10 11.2 71.7
0 .14 6.6 78.3
0 .19 5.1 83.4
0 .24 3.0 86.4
0 .29  -  0 .48 4.0 90.4
0 .53  -  0.72 3.5 93.9
0 .7 7  -  0 .96 2.5 96.4
>1.01 3.5 100
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Table 3.2 Di stri but ion of domest i c water lead values
with respect  to house age.
D i s t r i b u t i o n  of domestic water lead contents in a random
s e le c t io n of houses in Glasgow in 1981. The houses are
segregated in to  2 groups by way of age of the b u i ld in g .
Water
Pre
% of
1945
Cumulative
Post
% of
1945
Cumulative
lead samples percentage samples percentage
(^M) (N=110) (N=81 )
<0.05 39.1 39.1 50.6 50.6
0.05 15.6 . 53,6 21.0 71.6
0.10 10.9 64.6 12.4 . 84.0
0.14 8 .2 72.7 3.7 87.7
0.19 6 .4 79.1 3.7 91.4
0.24 3.6 82.7 1.2 92.6
0 .2 9 -
0.48
4 .5 87 .3 3.7 96.3
0 .5 3 -
0.72
2 .7 90.0 2.5 98.8
0 .7 7 -
0.96
3.6 93.6 1.2 100
>1.01 6 .4 100 0.0
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Figure 3.1 D i s t r i b u t i o n  of water lead values -1981 
Histogram present ing the range of lead concentrat ions  
observed in the domestic water supply of  Glasgow houses 
during 1981.
Figure 3.2 Différé IILiÜi U' d i s t r i b u t i o n  of w a t e r  lead
values ; pre-  and post -  1945.
Histogram represent ing  the range of lead concentrat ions  
observed in domestic water  suppl ies in Glasgow houses 
in 1981 separated wi th respect  to the age of  the house.
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3.3.2 B i Qo d  lead
The d i s t r i b u t i o n  of blood lead concentrat ions  obtained  
in t h is  survey in Glasgow is shown in f i g u r e  3.£*. From th is  
histogram i t  is evident  t h a t  the d i s t r i b u t i o n  is skewed, 
d e v i a t i ng  markedly from n o rm a l i t y .  Comparison of th is  data 
with r e s u l t s  obtained in a previous study ca r r i ed  out 2 
years p r i o r  (DOE,1981) demonstrates a marked a l t e r a t i o n  in 
blood lead concentrat ions of  the Glasgow populat ion over  
t h is  per iod ( f i g u r e  3 . 3 ) .  In a d d i t io n ,  the histograms
reveal  t h a t  there  is a d i f f e r e n c e  in blood lead l evels
between the sexes, with females e x h i b i t i n g  lower leve ls
than males.  This observat ion is supported by the data in
tab le  3 .3  which tabu la tes  the geometric mean blood lead 
concentrat ions f o r  both years ( the use of geometric means 
being requ i red  by the skewed d i s t r i b u t i o n ) .  Comparing 
f igur es  3 .3  and 3 . 4 ,  i t  is c le a r  tha t  there  has been a
reduct ion in blood lead l eve ls  in the Glasgow populat ion  
during the two year i n t e r v a l .
Using a two-way analys is  of va r iance ,  i t  was 
demonstrated t h a t  there has been a s i g n i f i c a n t  reduct ion in 
blood lead l ev e ls  between the two years (p<0.001)  and also 
between the two sexes (p<0.001)  -  t a b l e  3 . 3 .
Table 3 .4  compares the d i s t r i b u t i o n  of volunteers in the 
two surveys with respect to age. Analysis of the data 
using a chi -squared t e s t  demonstrates th a t  the s c a t t e r  of 
adults over the age ranges is not s i g n i f i c a n t l y  d i f f e r e n t  
in 1981 from th a t  in 1979 (p = 0 . 5 ) .
The p o s s i b i l i t y  of a r e l a t io n s h ip  ex is t i n g  between blood 
lead concent rat ion  and several  socia l  f a c to rs  and habi ts
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was also i n v e s t i g a t e d .  Table 3,5 c l e a r l y  demonstrates tha t  
smoking does not have any in f luence  on blood lead 
co nc e nt ra t i on .  S i m i l a r l y ,  no s i g n i f i c a n t  r e la t io n s h ip s  were 
found between blood lead concentrat ion and e i t h e r  the age 
of the house or  the length of  t ime the vo lun teer  had been 
re s id en t  in the bu i ld ing  ( t a b l e  3 . 6 ) ,  As wi th smoking, the 
dr in k in g  habi ts  of the vo lun teer  did not have any in f luence  
on the blood lead concent rat ion  ( t ab le  3 . 7 ) .  Likewise  
there  was no r e l a t i o n s h i p  with the occupation or socia l  
class of  the in d iv id u a l  ( t a b l e  3 . 8 ) .
Table 3 .3  Blood lead concentrat ions in Glasgow
during 1979 and 1981.
Blood lead concent rat ion  in a random se lec t ion  of the 
Glasgow populat ion in 1979 and 1981. Males and females are 
segregated into  separate groups.
Year Sex No. in Geometric mean +
group geom. dev . ( j jmol /1)
1979 M 97 0.96 + 1.49
F 99 0.74 + 1.62
1981 M 82 0.78 + 1.45
F 118 0.57 + 1.61
Analysis of variance was performed on the data after log 
transformation to form a normal distribution.
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Figure 3 .3  Di s t r i b u t i o n  of blood lead concentrat ions  
in Glasgow during 1979.
The histogram i l l u s t r a t e s  the skewed d i s t r i b u t i o n  of  
blood lead va lues.  The so l id  l ines  represent  the male 
populat ion whi le  females are shown by s broken l i n e .
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Figure 3 .4  D i s t r i b u t i o n  of  blood lead concentrat ions
i n  Glasgow during 1981.
S i m i l a r l y  to 1979, the d i s t r i b u t i o n  of  blood lead 
values in 1961 Is also skewed. Sol id l in es  represent  
males and broken l ines  females.
Table 3.4 Pi stri but ion of vo I unteers with respect to age
-a comparison of  1979 wi th 1981.
D i s t r i b u t i o n  of the random se le c t io n  of volunteers included 
in the 1979 and 1981 Glasgow lead exposure surveys.
No. of subjects in age group 
Year Sex 15-29 30-44 45-59 60-74 75+
1979 M 28 15 28 23 3
F 26 25 27 19 2
1981 M 16 24 24 15 3
F 35 22 27 27 7
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Table 3.5 31ood lead concentration with respect
to smoking habits.
Blood lead concent ra t ion  in the random s e le c t i o n  of the  
Glasgow populat ion in 1981, the group being divided  
according to smoking habi ts  and by sex.
No. c i g a r e t t e s  Sex 
smoked per day
No. in Geometric mean +
group geom. dev. (|imo 1/ I  )
Non-smoker 35
66
0.75 + 1.51 
0.56 + 1.65
< 5 0 . 8 5 + 1 . 4 7  
0.58  + 1.70
5 -20 25
30
0.75 + 1.37 
0.57  + 1.59
> 20 18
13
0.88  + 1.43 
0.66 + 1.45
Non-smokers
smokers
M/F
M/F
101
99
0.62  + 1.63 
0.68 + 1.53
170
Table 3.6 BIood lead concentrât  ion with respect to house
age and length of residence.
Blood lead concent rat ion  in the random se lec t io n  of the 
Glasgow populat ion in 1981, the sample being grouped 
according to the age of t h e i r  house and by sex.
Sex No. in 
group
Geometric mean + 
geom. dev. (umol /1)
Age of  
bu i ld ing
Pre 1945 
Post 1945
45
69
34
49
0.81 + 1.49 
0.61 T  1.67
0.73 + 1.38 
0.53 + 1.52
Length of  
residence  
(yrs )
1 - 5 33 0.80 + 1.43
46 0.54 + 1.55
6 - 10 M 15 0.70 + 1.33
19 0.55 + 1.66
11 - 15 M 14 0.71 + 1 .36
17 0.52 + 1.64
16 - 20 M 6 0.89 + 1.49
18 0.65 + 1.68
> 2 0  M 13 0.80 + 1.68
19 0.77 + 1.64
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Table 3.7 B1ood lead concentration with respect
to drinking habits.
Blood lead concent rat ion  of  the random group of  Glasgow
vo lun teers d i vided according to the type of
dr ink  in s i g n i f i c a n t q u a n t i t i e s .
Drink i ng sex number geo. mean.
ha b i t in group + geom. dev
tap water M 78 0 .76+1 .46
F 115 0.58+1.61
mi lk M 22 0.75+1.31
F 34 0 .54+1.51
j u i c e M 6 0 .80+1.54
F ' 8 0 .69+1 .64
beer M 35 0 .79+1 .37
F 7 0 .58+1 .57
w i ne M 8 0 .72+1 .63
F 13 0 .55+1 .34
s p i r i t s M 19 0 .83+1 .43
F 15 0 .55+1.28
bot t led M 2 *
water
F 2 *
* This group comprised only 4 i n d i v i d ua ls
lead values as fo l lows - males: 0. 63 & 0.30 yjM
females:  0. 16 & 1.59 yjM
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Table 3.8 B1ood lead c o n c e n t r a t i o n  w i t h  r e s pe c t
to socia l  c l as s .
Blood lead concentra t ion  of the random group of  Glasgow 
vo lun te e rs ,  the group being d iv ided according to socia l  
c la ss ,  with males and females being considered sepa ra te ly .
Social  Sex Number Geometric mean
class in group + geom. dev. (uM)
M 3 0.75 + 1.47
F 0
M 13 0 . 6 9 + 1 . 5 1
F 15 0.54 + 1 . 6 2
M 26 0.77 + 1 . 4 9
F 48 0 . 6 3 + 1 . 6 6
M 22 0.85 + 1.49
F 26 0.59 + 1.56
M 17 0.80 + 1.31
p 29 0.50 + 1.56
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Blood cadmium
The markedly skewed d i s t r i b u t i o n  of blood cadmium levels  
found in 1981 { f i g u r e  3 . 5 )  is s i m i l a r  to t h a t  noted in the 
1979 survey.  In con t ras t  to the data observed fo r  blood 
lead va lues ,  the geometric mean, being taken as repr es ent ­
a t i v e  of the va lues,  is not s i g n i f i c a n t l y  d i f f e r e n t  between 
the sexes or over the two year  period ( t a b l e  3 . 9 ) .  A marked 
increase in blood cadmium is observed in smokers ( t a b l e  
3 . 1 0 ) ,  the increase being r e la t e d  to the degree of smoking.
Table 3 .9  Blood cadmium leve l  s in Glasgow during 
1979 and 1981.
Blood cadmium lev e ls  in the random se lec t io n  o f  volunteers  
in Glasgow in 1979 and 1981. Within each ye ar ,  males and 
females are considered se pa r a t e ly .  ;
Year Sex No. in 
group
Geometric mean 
+ geom. dev. (nM)
Range
1979 97
97
12 + 3 
1 1 + 3
<3 - 54 
<3 -  70
1981 82
118
14 + 2 
12 + 2
<3 - 65 
<3 - 61
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Figure 3 .5  P i s t r i b u t i o n  of  blood cadmium
concent rat ions 1n Glasgow during 1981.
The d i s t r i b u t i o n  of blood cadmium values observed 
dur i ng  1921 is d iv ided i n t o  males and femal es  
represented by so l id  and broken l in es  r e s p e c t iv e ly .
Table 3.10 Re la t ionship  between c i ga r e t t e  smoking
and b1ood cadmiurn l eve l  s .
Blood cadmium lev e ls  in the random s e le c t io n  of volunteers
in Glasgow in 1981, the group being d iv ided according to
smoking h a b i t s .
No. c i g a r e t t e s  smoked per day 
0 <5 5-20 >20
No. in group 101 13 55 31
Geometric mean + 
geom. dev. (nM) 8 + 2  1 2 + 2  1 8 + 2 25 + 2
Range <3-65 <3-33 <3-52 <3-59
*  p = 0 .06437  
* *  p < 0 .0004
compared to group of  non-smokers 
by Mann-Whitney U t e s t .
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3 .4 Pi scussIon
The present  study confirms the views tha t  the
acknowledged s o f t ,  ac id ic  water supply to the West of
Scot land,  and Glasgow in p a r t i c u l a r ,  can be made less
p 1 umboso1 vent by s p e c i f i c  t rea tment .  Raising the pH has
indeed amel iorated  the s i t u a t i o n ,  wi th a reduct ion in the
number of dw e l l ing  houses e x h i b i t i n g  water suppl ies with
lead concent rat ions  in excess of the World Heal th
Organisat ion (WHO) l i m i t  of 0 . 4 ^ M  and the European
Economic Community (EEC) maximum of 0.24^M. Unfor tuna te ly ,
water lead concent rat ions  were not measured in the previous
EEC study in 1979 (DOE, 1981) .  However, the present study
car r ied  out in 1981, at  a t ime when the Glasgow area had
been suppl ied wi th a water supply of pH 9 f o r  approximately
1 ye ar ,  demonstrates th a t  9.5% of the domestic water
samples were in excess of 0.48yjM and a f u r t h e r  4% exceeded
0.24^M. These f ig u r e s  compare with those obtained before
t reatment  when more than 50% of random daytime samples
exceeded 0.48^M (Richards & Moore, 1982) .  A d d i t i o n a l l y ,
they also demonstrated tha t  g rea te r  b e n e f i t  in terms of a
reduct ion in p 1umboso 1 vency could be achieved by f u r t h e r
increasing the water  pH from 7.8 to 9 since 20% of samples
contained in excess of 0.48^M lead when the pH as measured
at Mi lngavie  was 7 . 8 .  The f igures  observed in the present
study are exceedingly  close to those predicted by Br i t ton  &
Richards (1981)  who proposed th a t  more than 90% of water
samples would contain less lead than the WHO l i m i t  i f  a pH
of g rea te r  than 8 were to be maintained at the tap.
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Considering the c u r v i l i n e a r  r e l a t i o n s h i p  known to e x is t  
between blood lead and water lead (Moore et  1977a;
1979a; Moore, 1983) and the reduced lead content  of the 
Glasgow water  supply,  then a reduct ion in blood lead l eve ls  
would be a n t i c i p a t e d .  Indeed,  a downward s h i f t  in the
d i s t r i b u t i o n  of blood lead l eve ls  of the Glasgow populat ion  
between 1979 and the present  study was observed ( f ig u r e s
3.3 & 3 . 4 ,  t a b l e  3 . 3 ) .  The age d i s t r i b u t i o n s  of the 1979
and the 1981 groups were s i m i l a r ,  and so there was 
th e r e fo r e  a rea l  e f f e c t  on blood lead by chemical  
m od i f i c a t io n  of the water .  No other  f a c t o rs  with regard to 
lead exposure sources could be i d e n t i f i e d  as a l t e r i n g
during t h i s  t ime span. This reduct ion in the exposure of
the loca l  environment to lead is supported by data obtained
by Moore e t  ^  (1981a/b)  who measured the blood lead
concent rat ion  in a group of pregnant women l i v i n g  in the  
north side of the c i t y  in 1980-81.  The geometric mean blood 
lead concent ra t ion  was 0.39yjM with the median being 0 . 3 ^ M .
A s i m i l a r  group of women observed p r i o r  to water t reatment  
in 1976/77 ex h i b i te d  a geometric mean blood lead of Q.VjiM 
and median of O.B^M. Whereas before water pH adjustment ,  6% 
of these women had a blood lead in excess of O.l j iM (35j jg%) , 
none exceeded t h i s  value in 1980-81.  Although blood lead 
leve ls  obtained in 1981 were w i th in  the EEC reference  
levels  def ined as the d i s t r i b u t i o n :
< 2% of  samples with blood lead concentrat ions in excess of 
1.59 ymol /1  (35 j jg%)
our f i g u r e ,  1981 - 1.5%
< 10% of samples with blood lead concentrat ion in excess of
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1.45 umoi / i  (30 ug%)
our f i g u r e ,  198r - 4%
< 50% of samples with blood lead concent rat ion  in excess of  
0.97  ^^mol/ I  (20 ^g%)  
our f i g u r e ,  1981 - 21%
(Commission of European Communities, 1977; DOE, 1981) .  4% 
of the 1981 group s t i l l  had increased blood lead l eve ls  
( g r e a te r  than 1.45uM)^ in d ic a t i n g  the need fo r  continued  
s u r v e i l l a n c e  of suscept ib le  groups such as pregnant women 
and young c h i l d r e n  (Moore, 1980) .  However, i t  must be noted 
th a t  the blood lead concentrat ions in the 1981 group as a 
whole showed a marked improvement over the 1979 group,  
which was not w i th in  the EEC re ference  l e v e ls .  S im i la r  
studies performed once more in Glasgow support the view 
tha t  th e r e  has been a general  reduct ion in the l ev e l  of
blood lead observed in the populat ion of t h i s  c i t y  over the  
l as t  few years (Moore e;t 1985 ) .
In co n t ra s t  to the blood lead r e s u l t s ,  the values f o r  
cadmium did not a l t e r  appreciably  from 1979 to 1981. The 
d i e ta r y  in take  of cadmium is around 10-30|ig per day and 
unpol luted d r ink ing water at  lyjg cd/1 adds only a
n e g l i g i b l e  amount (F r iberg  et  1979) .  Thus the study
confirms the view th a t  water borne lead is important in
soft  water  regions where the housing stock has lead piping  
and lead storage tanks.  Such problems e x i s t  es pec ia l l y  in
houses b u i l t  several  years ago when lead was popular ly
employed f o r  water  conveyancing.  The higher  water lead
content in these houses compared to more recen t ly  b u i l t  
bui ldings is confi rmed in t h i s  study ( f i g u r e  3.2 & t a b l e
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3 . 2 ) .  These problems, which e x i s t  in o ther  parts of the 
West of  Scot land,  such as Renfrew ( F o r t e a t h ,  1981) and Ayr 
(Sher lock et  1982) ,  can be g r e a t l y  a l l e v i a t e d  by
a l k a l i n i s a t i o n  of the water  supply.  The lead content  of the 
water supply as i t  ex is t s  in Loch Kat r ine  is extremely low 
as the water  a u t h o r i t i e s  have a s t a tu to r y  requirement to 
supply water  wi thout  contaminants.  The problem emerges as 
i t  t r a v e l s  through the conveyancing system, both from 
piping and tanks which not only a l low a large surface area 
of lead to be in contact  wi th the water but also al low the  
water to absorb carbon d iox ide from the atmosphere and thus 
become more a c i d i c .  However, the problem has been g r e a t l y  
reduced in Glasgow and is in f a c t  s t i l l  being a c t i v e l y  
t ack led  today.  Fol lowing a p i l o t  study in the south side of  
the c i t y  which demonstrated th a t  water lead concentrat ion  
could be f u r t h e r  reduced by 75% (Richards & Moore, 1982) by 
buf fe r in g  wi th or thophosphate,  as was proposed by 
Chr ist !son in 1844, the water supply is now supplemented 
with 2mg phosphate per l i t r e  in an at tempt to a l l e v i a t e  the 
problem f u r t h e r .  These techniques represent  r e l a t i v e l y  
inexpensive methods of reducing plumbosolvency in a s o f t ,  
ac id ic  water  reg ion,  and as such are convenient solut ions  
to the problem i f  lead plumbing replacement is not
f e a s i b l e .
Several  socia l  r e l a t ed  fa c to rs  are known to perhaps 
inf luence blood lead concent ra t ion ,  one of which is 
c ig a r e t t e  smoking. The r es u l ts  of t h i s  study demonstrate 
that  smoking does not con t r ibu t e  to the blood lead
concentrat ion ( t a b l e  3 . 5 ) ,  which is in agreement with
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several  other  studies (Lehnert  et  a l ,  1967; Lehnert ,  1968; 
Daines e^ a^,  1972; Jones, Cummins & Cernik ,  1972;
McLaughlin & Stopps, 1973; DOE,1981) .  There are however,
several  o ther  authors who have reported that  smokers 
e x h i b i t  a ra ised blood lead l eve l  compared to non-smokers 
(Tepper ,  1975; Z i e lh u is  e^ 1977; Grandjean,  Olsen &
H o l ln ag e l ,  1981; Shaper et  aj_, 1982 ).  There would th er e fo re  
appear to be debate as to the in f luence of c i g a r e t t e  
smoking on blood lead burden. This study c e r t a i n l y  showed 
no c o n t r i b u t i o n  from c i g a r e t t e s  in th is  local  popu lat ion.  
Contrast ing wi th t h i s  da ta ,  smoking contr ibuted  
s i g n i f i c a n t l y  to blood cadmium leve ls  even at  modest l eve ls  
of exposure ( t a b l e  3 . 1 0 ) ,  an observat ion consistent  with  
other  studies ( Z i e l h u i s  ^  aj_, 1977; Stoeppler  & Brandt,  
1978; Ward, Fisher  & T e l l e z - Y u d i l e v i c h , 1978).  I t  would
thus appear from t h i s  data t h a t  the subjects in th is  survey 
were c e r t a i n l y  smoking to a s i g n i f i c a n t  degree since t h i s  
habi t  had a subs ta n t ia l  e f f e c t  on t h e i r  cadmium exposure,  
and indeed one would expect th a t  the level  of smoking was 
underest imated since i t  is perhaps considered s o c ia l l y  
unacceptable to smoke in t h i s  country today.  Despite th is  
degree of exposure,  no s i g n i f i c a n t  co n t r i b u t io n  to blood 
lead content  was der ived from c i g a r e t t e s .
Although alcohol  has been impl icated to be an important  
f ac to r  with regard to lead absorpt ion ,  no r e la t io n s h ip  was 
observed in t h i s  study between alcohol  intake and blood 
lead conc en t ra t io n .  S i m i l a r l y ,  several  studies have 
emphasised the importance of socia l  class with regard to 
lead exposure and psychological  e f f e c t s  of  the meta l ,  but
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no r e l a t i o n s h i p  was observed in t h i s  study.  The age of the  
house has been se lected as an important  va r ia b le  in
determining the lead content  of the domestic water supply 
(Richards Ü  1980) and hence to lead exposure of the
in hab i ta n t s  as exempl i f i ed  by blood lead concent rat ion .  
Although houses b u i l t  p r i o r  to 1945 did indeed have a
higher  water  lead concent ra t ion  than those b u i l t  more 
re ce n t ly  ( t a b l e  3 . 2 ) ,  th is  d i f f e r e n c e  was not r e f l e c te d  in 
the blood lead l eve ls  of the inhab i tan ts  (Table 3 . 6 ) ,
possibly because there are more sources of lead exposure to 
the in d i v i d u a l  than water .
This study c l e a r l y  demonstrates tha t  water lead is an 
important  vector  of lead exposure in the populat ion of  
Glasgow, and socia l  determinants appear to have l i t t l e  i f  
any i n f l u e n c e .  There are obviously however, other  source(s)  
of lead p lay ing a par t  in c o n t r i b u t in g  to the body lead 
burden of t h i s  popu la t ion ,  and considerat ion  of  the 1981 
data with t h a t  obtained in 1979 would ind ic a te  th a t  perhaps 
water lead is now playing a less s i g n i f i c a n t  par t  in the 
exposure of the inhab i tan ts  of the West of Scotland than 
was prev ious ly  the case. But even today,  at a t ime when 
ac t ive  measures have been taken to reduce th is  source of  
lead,  i t  should not be ignored.
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CHAPTER 4
EFFECT OF LEAP ON CHOLINERGIC 
NERVOUS SYSTEM FUNCTION
Introduction
A ce ty l ch o l ine  (Ach) is the ne ur o t r an sm i t t e r  released  
both from the nerve te rmina ls  of  the parasympathet ic  
nervous system and also from the pre-gang 1 ionic  neurones of 
the sympathet ic nervous system. Synthesis of the 
t r a n s m i t t e r  from the su bs t ra tes ,  chol ine  and a c e t y l -
coenzyme A (Ac Co A) is cata lysed by the enzyme chol ine
acety l  t r a n s f e r a s e , sometimes termed chol ine acety lase
(Chat;  a c e ty l - C o A : c h o l i n e - O - a c e t y l t r a n s f e r a s e ;  E.C.
2 . 3 . 1 . 6 )  according to equat ion 4 . 1 ,  and occurs mainly in 
the axon t e r m i n a l s .
Chol ine + Ac Co A -----------------   > Ach + Co A
Chat
- Equation 4.1
Chol ine ace ty l  t r a n s fe r a s e ,  which is synthesised in the 
ribosomes of the nerve c e l l  body and t ranspor ted to the 
axon t e rm in a ls  by axoplasmic f l o w ,  is almost ex c l u s i ve ly  
l o ca l i sed  in the nervous system of  both ve r tebra tes  and 
i n v e r t e b r a t e s , the only except ion being tha t  a high 
concentrat ion of  enzyme is found in the placenta where i t s  
func t iona l  r o le  is uncer ta in .  Within the nervous system,  
i t s  presence can be regarded as a s p e c i f i c  marker fo r  
cho l in erg ic  neurones. The close c o r r e l a t i o n  between chol ine  
acetyl  t r a n s fe r a s e  a c t i v i t y  and a c e t y lc h o l in e  concentrat ion  
indicates t h a t  the enzymatic a c t i v i t y  is a good marker of  
the level  of  neurot ransmi t te r  (Hebb, 1963) .  There are 
c o n f l i c t i n g  views on whether a low level  of chol ine  
ac e ty I t r a n s fe r a s e  occurs in presumably non-cho1inerg ic  
t issues such as dorsal  spinal  roo ts ,  op t ic  nerves and red 
blood c e l l s  (Hebb, 1963).  This may indeed be the case since
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var ious pieces of s u p e r f i c i a l  evidence e x i s t  to suggest  
th a t  a c e t y lc h o l i n e  is involved in the re lease of  
noradrena l ine  at  adrenergic  nerve endings.  Histochemica1 
s t a i n i ng  of many adrenergic  neurones demonstrates the
presence of  a c e ty lc h o l i n e  es te rase .  Su b ce l lu la r  
f r a c t i o n a t i o n  of t i ssues shows a bimodal d i s t r i b u t i o n  of  
cho l ine  a c e t y 1 t r an s f e ra se  ; most occurr ing in the 
synaptosomal f r a c t i o n  and represent ing  tha t  present  in the  
c h o l i n e r g ic  nerve te rmina ls  of the t i s s u e ,  and a smal ler  
f r a c t i o n  being i so la ted  in the soluble f r a c t i o n  der ived  
from c h o l i n e r g ic  c e l l  bodies,  axons and de nd r i t es .  The
su b st ra te ,  acety l -coenzyme-A,  is produced in the  
mitochondrion during the ox ida t ion  of glucose,  f a t t y  acids  
and amino ac ids .  However, i t  is unable to pass through the  
mitochondr ia l  membrane and so must undergo conversion to 
c i t r a t e  in order  to leave the_ mitochondria ( f i g u r e  4 . 1 ) .  
Choline however is der ived from the e x t r a c e l l a r  f l u i d ,  
plasma t h e r e f o r e  being the u l t im at e  source which obtains  
i t s  supply mainly from hepat ic  synthesis but also from 
d i e t a r y  sources.  Being a c a t i o n ,  chol ine  is not l i p i d  
soluble and hence must be taken up into the nerve te rmina l
by s p e c i f i c  mechanisms of which there are two -
1. Low a f f i n i t y  t ran spo r t  into c e l l s  which is of  an 
uncer ta in na ture ,  and
2. High a f f i n i t y  t ran spo r t  present  in the neural  axons and 
is of  a c a r r i e r  mediated nature.  The c a r r i e r  e x i s t i n g  in 
the membrane sh ut t l es  across tak ing  chol ine  wi th i t  and the  
process is of  an ac t i ve  nature.
This second process enables chol ine t r an sp o r t  to be
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Acetyl CoA .,
CITRATE
SYNTHETASE
Citrate
Citrate
ATP CITRATE 
LYASE
Acetyl CoA Choline <J; Choline
CHOLINE ACETYLTRANSFERASE
Coenzyme A Acetylcholine
Acetylcholine^
Figure 4 .1  Synthesis of a c e t y I c h o l i ne.
C i t r a t e ,  synthesised w i th in  the mi tochondr ion,  is  
t ranspor ted  out of the o rgane l l e  and u t i l i z e d  to 
synthesize  s u bs t ra te ,  acety l  coenzyme A. Chol ine ,  
der ived mainly from the systemic c i r c u l a t i o n  but also  
from the breakdown of  released a c e t y l c h o l i n e ,  is 
a c t i v e l y  taken up in to  the nerve te rmina l  and forms the 
second subst ra te  f o r  c h o l i n e  a c e t y I t r a n s f e r a s e ,  the  
enzyme r e s p o n s i b l e  f o r  the  f o r m a t i o n  o f  a c e t y i c h o i i n e .
maintained at a l eve l  s u f f i c i e n t  f o r  a c e ty lc h o l i n e  re lease  
even when nerve impulses are occurr ing at  a rapid r a t e .  
Much of  the cho l ine  employed f o r  a c e ty lc h o l i n e  synthesis i s 
der ived from a c e ty lc h o l i n e  which has been released from the  
neurone,  broken down into i t s  components, and the chol ine  
a c t i v e l y  reclaimed via t h i s  t r an spo r t  process which may 
wel l  play a regu la to ry  ro le  over adrenergic  
neurot ransmi t ion  (Simon, Atweh & Kumar, 1975) .  The process 
is however not e n t i r e l y  s p e c i f i c  fo r  c h o l i n e ,  and in f a c t  
some a c e t y l c h o l i n e  can be t ransported  under condi t ions  
where i t s  hydro lys is  is prevented,  fo r  example by drugs.
A c e r t a i n  degree of understanding of the re lease
mechanism f o r  ac e ty lc h o l i n e  is necessary to comprehend the
proposed a c t i o n ( s )  of  lead on the c h o l in e r g i c  system.
Cer ta in  cond i t ions are necessary f o r  opt imal
ac e ty lc h o l i n e  synthesis and r e le a s e ,  such as the presence
of g lucose,  oxygen, sodium and calcium.  In the absence of  a
nerve ac t ion  p o t e n t i a l  there  is continuous spontaneous
release of  a c e t y lc h o l in e  from the termina l  in a quantal
fashion;  t h a t  i s ,  each spurt  of t r a n s m i t t e r  re lease is of
approximately equal s ize and occurs at  a frequency of
around 1-4 Hz. The p o s t - ju n c t i o n a l  d e p o la r is a t io n ,  termed
the m in i a t u re  endplate p o t e n t i a l  (mEPP) which ensues is
however below the threshold to i n i t i a t e  an act ion p o te n t i a l
in the p o s t - j u n c t i o n a l  c e l l  membrane. Upon a r r i v a l  of  an
acti-on p o t e n t i a l  at  the axon te rmina l  the re lease of quanta
of a c e ty lc h o l i n e  is enormously but t r a n s i e n t l y  acce le ra ted .
Calcium ions play an es sen t ia l  ro le  in the coupl ing of  the
nerve impulse to the re lease mechanism ( e x c i t â t io n - re lease
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c o u p l i n g ) .  Within l i m i t s  the qu an t i t y  of  ac e t y lc h o l i n e  
released is p rop or t io na l  to the i n t r a c e l l u l a r  calcium  
co nc e nt ra t i on .  The a r r i v a l  of  the act ion p o te n t i a l  a t  the  
te rmina l  r e s u l t s  in the en t ry  of  calcium into the te rmina l  
through vo l tage  s e n s i t i v e  channels r e s u l t i n g  in a t r a n s i e n t  
r i s e  in i n t r a c e l l u l a r  calcium and subsequent re lease of  
a c e t y lc h o l i n e  (L l in e s  & Heuser,  1977) .  Spontaneous re lease  
is also dependant on i n t r a c e l l u l a r  calcium,  such t h a t  an 
i n h i b i t i o n  of the calcium bu f fe r in g  system wi th in  the nerve  
t e rmina l  ra ises the calcium ion concentrat ion and an 
i ncrease in the spontaneous t r a n s m i t t e r  re lease fo l lo ws  
(Rahamimoff ejt £j_, 1980 ) .  There are a v a r i e t y  of b u f f e r in g
systems a f f e c t i n g  the l eve l  of i n t r a c e l l u l a r  calcium.  -
1. I n f l u x  of  calcium through vol tage s e n s i t i v e  channels  
( L l i n a s ,  Ste inberg & Walton,  1981) .
2. E f f l u x  of  calcium by ac t i v e  t r an sp o r t  (Baker & Crawford,  
1975) .
3. Sequester ing of  calcium by i n t r a c e l l u l a r  organel l es
- a. Mitochondrion (Alnaes & Rahamimoff,  1975)
b. Synapt ic ves ic les  (Rahamimoff &
Abramovi tz,  1978)
c. Smooth endoplasmic re t iculum (McGraw,
Somiyo & B la u s t e in ,  1980)  
and d. Possibly i n t r a c e 11u11ar prote ins  such as 
ca Imodu l in .
Of the above o r g a n e l l e s ,  the mitochondrion is very
important .  Agents capable of  b locking en er gy - r e qu i r in g
processes of the mitochondr ia or i n h i b i t i n g  d i r e c t l y
Calcium binding t o  t he  m i t o c h o n d r i a ,  r e s u l t  i n  an increase
1
in m in ia tu re  endplate f requency.  An understanding of the  
involwment of calcium in the e x c i t a t i o n - r e l e a s e  coupl ing  
mechanism is necessary in order  to postu la te  the mode of  
act ion of  lead in a l t e r i n g  c h o l in e r g ic  fu nc t i on .  Fol lowing  
re lease  of  the a c e ty lc h o l i n e  from the nerve t e r m in a l ,  which 
occurs as a r e s u l t  of the synapt ic ves ic les  containing the  
n e ur o t r an sm i t t e r  fusing with the axonal membrane and 
re leas ing  t h e i r  contents ,  the t r a n s m i t t e r  must then be 
i n a c t i v a t e d  so th a t  fu tu r e  nerve act ion p o te n t i a ls  can 
produce a p o s t - j u n c t i o n a l  e f f e c t .  Degradation of the  
a c e t y lc h o l i n e  is a f f ec ted  by the enzyme, ac e t y lc h o l in e  
esterase ( a c e t y l c h o l i n e  acet^ihydrol ase ; AchE - E.C. 3 . 1 . 1 . 7 )  
which reforms chol ine  which is then a v a i l a b l e  f o r  uptake 
back in to  the nerve termina l  along with aceta te  as in 
equat ion 4.2.. “
AchE
Ace ty lc ho l i ne  + HOH --------- > aceta te  + chol ine
< ----------
Equation 4 .2
Choi ines te rases can be broadly c l a s s i f i e d  into t r ue  or  
s p e c i f i c  and pseudo or n o n - s p e c i f i c ,  and i t  is the t r ue  
chol ines te rases  which are responsible  f o r  dest ruc t ion  of  
the t r a n s m i t t e r .  Pseudochol inesterases however, occur in 
plasma, i n t e s t i n e ,  skin and many other  t i s s u e s ,  and i t  is 
proposed they play a ro le  in the control  of  a c e t y lc h o l in e  
re lease ,  act ing as a local  hormone in the i n t e s t i n e .  In 
mammals, b u t y r y 1cho 1 i ne esterase is the main ch o l i nes te rase  
( a c e t y l c h o l i n e  acy l  h y d r o l a s e ;  BuChE - E.C. 3 . 1 . 1 . 8 ) ,  
a l t hough a p r o p i o n y l  c h o l i n es t e ra se  has a i so  been iound in
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r a t  b r a i n .
esLurouso.
Acety 1 cho 1 i ne' ' i  s present  in many animal t issues toge ther  
with o ther  cho l ines terases  and simple es terases.  In 
ge nera l ,  the d i s t r i b u t i o n  of a c e t y lc h o l in e  esterase  
p a r a l l e l s  t h a t  of  ac e t y lc h o l i n e  in nervous t issue  with some 
s t r i k i n g  except ions such as cerebel lum,  substant ia  nigra  
and globus p a l l i d u s  which contain an abnormally high 
a c t i v i t y  of  enzyme. The enzyme th e r e fo re  has a wider  
d i s t i b u t i o n  than ac e t y lc h o l i n e  and cannot be used as a t rue  
marker f o r  c h o l i n e r g ic  neurones. In a d d i t io n ,  outside the  
nervous system, a high level  is found in e r y t h r o cy te s ,  
placenta and muscle membranes e s p e c i a l l y  myotendanous 
j u n c t io n s .
Various aspects of ch o l in e r g i c  func t ion  have been 
i n ves t ig a t ed  with regard to the e f f e c t s  of lead,  and the  
data is complex and var ied (Shih & Hanin,  1978a; Hrdina,  
Hanin & Dubas, 1980; S i lb e r ge ld  & Hruska,  1980; Skorka & 
Bien, 1983; Winder & Ki tchen,  1984) .
The e f f e c t s  of lead on c h o l in e r g ic  neuro t ransmi t te rs  
have been in ves t ig a t ed  because of the long h i s t o ry  of  
c l i n i c a l  data descr ib ing per iphera l  neuropathies of lead 
poisoning.  The per iphera l  neuromuscular pathology of l ead,  
c l i n i c a l l y  descr ibed as lead pa lsy ,  may r e s u l t  at l eas t  in 
part  from the act ion of lead on p r e ju nc t io n a l  s i t es  of the  
per iphera l  ch o l i n e r g ic  nervous system. Increased exposure 
to lead has been shown to r e s u l t  in a reduct ion in mean 
nerve conduct ion v e lo c i t y  (Feldman e^ aj_, 1 973 ) and an 
impairment in f i n e  motor co -or d in a t ion  (De la Burde & 
Choate, 1972) in c h i l d r e n .  I t  must be remembered however,
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t h a t  these pe r ip he ra l  pathologies may wel l  not ensue as a 
r e s u l t  of  a s p e c i f i c  e f f e c t  of lead on ch o l i ne rg i c  func t ion  
but as a consequence of  the segmental demyel inat ion and 
axonal degenerat ion of pe r iphera l  nerves known to occur in 
lead exposure ( F u l l e r t o n ,  1966; Lamport & Schochet,  1968) .  
Studies to date have concentrated on the in v e s t i g a t i o n  of  
the act ion  of lead both in v i t r o  and in vivo in the r a t  and 
mouse. A v a r i e t y  of approaches have been taken to 
i n v e s t i g a t e  the e f f e c t  of lead in v ivo.  -
1. Measurement of steady s ta te  leve ls  of the  
ne ur o t r a n s m i t te r  i t s e l f  and i t s  precursor  chol ine in 
animals exposed to lead by various methods.
2. Measurement of the a c t i v i t y  of  metabol ic enzymes 
involved in a c e t y lc h o l i n e  synthesis and degradat ion
a. Chol ine a c e t y I t r a n s f e r a s e  ^responsib le  f o r  the in 
vivo s y n t h e s i s .
. b . A ce ty l ch o l ine  esterase - res pon s ib le  f o r  the  
degradat ion and i n a c t i v a t i o n  of released ac e t y l ch o l i ne  back 
in to  chol ine
c. Bu ty ry 1cho1i ne es terase/pseudochol ine  esterase - found  
endogenously but as yet  has an undefined fu nc t i on a l  ro le
d. Chol ine phosphokinase - c a ta ly se s  the in vivo  
conversion of chol ine in to  phosphoryl c h o l in e .
4. Measurement of the turnover  ra te  of a c e t y lc h o l i n e .
5. Studies on the spontaneous and induced ac e t y lc h o l i n e  
re lease and the ex ten t  of a subsequent m od i f i c a t ion  of  
t r a n s m i t t e r  re lease as a re s u l t  of a phys io log ica l  response 
caused f o r  example by drugs.
And ,
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Analysis of  the dynamics of a v a i l a b i l i t y  of chol ine f o r  
a c e ty lc h o l i n e  synthesis as measured by high-  and low-  
a f f i n i t y  t r a n s p o r t  of  chol ine .
The observat ions recorded on ch o l in e r g i c  funct ion  by 
various groups as a r e s u l t  of  lead exposure; are not 
co ns is te n t .  Such v a r i a b i l i t y  is probably due to d i f f e r en ce s  
in approaches used in the var ious l ab or a t o r i es  to expose 
the animals to lead,  as wel l  as methodological  techniques  
used to k i l l  the animals,  and to analyse the t i s sue  f o r  
a c e ty lc h o l i n e  and chol ine  content .  In p a r t i c u l a r ,  the  
method of  s a c r i f i c e  is extremely s i g n i f i c a n t  because there  
are rapid post mortem changes in the l eve ls  of both 
substances.  I d e a l l y  one should be able to i n a c t i v a t e  
i ns tan taneously  in s i t u  a l l  post mortem degradat ive changes 
in order  to  ob ta in  a r e f l e c t i o n  of the l eve ls  of chol ine  
and a c e t y l c h o l i n e  in the brain at  the t ime of death.
The e f f e c t s  of lead on t he  c h o l i n e r g i c  nervous system 
have been studied both p e r i p h e r a l l y  and c e n t r a l l y .  The da ta  
r e l a t i n g  to t h e  p e r i p h e r a l  e f f e c t s  are l ess  e q u i v o c a l .  
Although e a r l y  work in f r o g s  a t t emp ted  t o  l o c a t e  t h e  s i t e  
o f  act ion  to a l e s i o n  w i t h i n  t he  muscle i t s e l f ,  showing 
changes i n  i n o r g a n i c  phosphorus and c r e a t i n e  phosphate 
(Rezn iko f f  & Aub, 1927; Ste iman,  1939} ,  i t  soon became 
e v i d e n t  t h a t  t h e  l e s i o n  was o f  a s y n a p t i c  n a t u r e  ( k o s t i a l  & 
Vouk, 1957) .  These workers  demons t ra ted  t h a t  l ead  i n  v i t r o  
produced a p r e - s y n a p t i c  b l o ck  o f  a c e t y l c h o i i n e  r e l e a s e  i n  
response to  nerve  st i mwl  s l i m  i n  t h e  s u p e r i o r  c e r v i c a l  
ganglion o f  t he  c a t ,  an observat ion l a t e r  con f i r me d  a t  t n e  
neuromuscular junct ion o f  the  f r o g  s a r t o r i u s - s c i a t i c  nerve
Û.
prepara t ion  (Manal is  & Cooper, 1973; 1975) and in the r a t
hemidiaphragm-phrenic nerve preparat ion ( S i l b e r g e l d ,  Fales  
& Goldberg,  1974 a / b ) .  On the other  hand lead has no s f f e c t  
on muscle co n t ra c t io n  in response to d i r e c t  s t imu la t ion  or 
exogenous a p p l i c a t i o n  of a c e t y lc h o l in e  or acety l  B- 
methylchol ine  ( S i l b e r g e l d ,  Fales & Goldberg,  1974 a / b ) .  In 
cont ra s t  to the e f f e c t  of  lead on the response to the  
evo^ked act ion p o t e n t i a l ,  in v i t r o  exposure to the metal  
re s u l t s  in an increase in spontaneous ac e t y l ch o l i ne  re lease  
as evidenced by an increase in frequency of m in ia tu re  
endplate  p o t e n t i a l s  (Manal is & Cooper, 1975) .  I t  would thus 
appear t h a t  the blockage by lead is of  a synapt ic nature  
and very l i t t l e  ac t ion  is of  a cu ra r i fo rm nature ,  th a t  is 
i t  does not i n t e r a c t  s i g n i f i c a n t l y  with motor endplate  
receptors (Manal is & Cooper, -1975i Manal i s ,  Cooper &
Pomeroy, 1984) ,  a hypothesis which was e a r l i e r  proposed
(Sayay & C s i l l i k ,  1959) .  There is strong evidence to 
suggest t h a t  the ac t ion of lead on the per iphera l
c h o l i n e r g ic  nervous system may in par t  be modulated through  
calcium. S i m i l a r l y  to the presence of lead,  reducing the  
calcium concent rat ion  in the bathing medium around an
iso la ted  muscle prepara t ion leads to a f a l l  in
ac e ty lc h o l i n e  re leased in response to nervous s t im u l a t i on  
(S i l b e r g e ld  e_t £j_, 1 974b; Kober & Cooper, 1976 ).  In
a d d i t io n ,  increas ing the calcium concent rat ion  can p a r t l y
overcome the block caused by lead ( S i l b e r g e l d  et  a 1, 1974b;
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Kober & Cooper, 1976) .  Using r a d i o l a b e l l e d  Ca, Kober & 
Cooper (1976)  have demonstrated a lead induced reduct ion in 
calcium uptake by p regang l ion ic  nerve te rmina ls  in the
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f rog ;  in other  words lead is prevent ing ace ty lch o l ine
release in response to nerve s t im u l a t i on  by i n h i b i t i n g  
calcium e n t r y .  Manal is et  ^  (1984)  have put forward a 
hypothesis based on calcium in te r a c t io n s  to expla in  the  
reason why the blockage of evo%ked re lease  caused by lead 
preceeds the increase in spontaneous r e l ea se .  Lead, act ing  
on ex t e r na l  calcium receptors on the nerve te rmina l  causes 
an I n h i b i t i o n  of evo ked re le a se ,  whi le there  is a delay as 
the metal  enters  the axon to d is rup t  one or more of the  
calcium b u f f e r i n g  systems described e a r l i e r  and thereby  
ra ise  the I n t r a c e l l u l a r  calcium concent rat ion  and hence 
minia ture  endplate p o t e n t i a l  f requency.  Calcium and lead
can bind the same prote in  and probably I n t e r a c t  wi th
carboxyl groups (Ong & Lee, 1980) .  I n d i r e c t  evidence  
suggests lead can e n t e r  the nerve te rm ina l  via calcium 
channels.  Since the r i s e  In min ia tu re  endplate  p o te n t i a l
frequency Is prevented by the presence of  cadmium (Manal is
& Cooper, 1982) ,  which can s p e c i f i c a l l y  block Inward 
calcium currents  (Kostuyk & K l s h t a l ,  1977; L l lnas £ t  a 1 , 
1981).  Lead has been demonstrated to be associated with the  
mltochodrlon ( S l l b e r g e l d ,  Adler  & Costa,  1977) and to  
reduce calcium uptake by these o r ga ne l l es  (Go lds te in ,
1977).  I f  t h i s  hypothesis were t r u e ,  lead would not be 
alone amongst the heavy metals in reducing evo^ked 
ac e t y lc h o l in e  re lease  via a compet i t i ve  ac t ion  with calcium 
(Kober & Cooper, 1975; Picket  & B o r n s t e l n ,  1978: Manal is £ t  
a 1 , 1984) ,  as coba l t  (Ba lnave & Gage, 1973 ) ,  manganese
(Ni Ison & V o i l e ,  1976) and cadmium (Weakly,  1973) have a 
s i m i la r  a c t i o n .  This hypothesis Is not however supported
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u n i v e r s a l l y .  S i lb e rg e l d  & Adler (1978) f o r  example,  
proposed t h a t  lead does not en ter  the per iphera l  synapse 
and i t s  ac t ions are mediated by compet i t ion with calcium at  
the recep tor  s i t e  s i t ua t ed  e x t e r n a l l y  on the neuronal axon.
Less wel l  c l e a r l y  def ined are the neurotoxic e f f e c t s  of  
lead on the cen t ra l  ch o l i n e r g ic  system. In vivo studies  
i nvo lv ing  exposure of rodents to lead at  an ea r ly  age 
e i t h e r  via t h e i r  d r ink ing  water or via exposure of the  
nursing dams have shown in general  no a l t e r a t i o n  or an 
increase in a c e ty lc h o l i n e  concentrat ion in s p e c i f i c  bra in  
regions.  The l ev e ls  of the precursor  chol ine are unal tered  
except in one study where they were reduced by 30% in r a t  
midbrain (Shih & Hanin,  1977; 1978b).  Both chol ine and
a c e ty lc h o l i n e  were una l tered by lead exposure in mouse 
fo r e b r a in  ( S i l b e r g e ld  & Goldberg,  1975; C a r r o l l ,  S i lb e r ge ld  
& Goldberg,  1977) ,  r a t  cerebel lum,  hippocampus, midbra in,  
pons-medul la,  cor tex  and s t r ia tum (Modak_, Weintraub & 
Stavinoha,  1975a/b;  Shih & Hanin,  1977; 1978b).  The r a t
diencephalon ex h ib i te d  a small but s i g n i f i c a n t  r i se  of 20% 
in a c e t y lc h o l i n e  content  (Modak e^ £l_, 1 975a/b;  Hrdina,
Peters & S inghal ,  1976) .  However t h i s  study by Modak and 
his col leagues employed a high dose of lead (10,900 ppm 
1%) and as a r e s u l t ,  the animals were s i g n i f i c a n t l y  stunted  
in growth wi th respect  to non-exposed control  r a t s .  Hrdina 
et £]_ ( 1 976 ) also observed a s i g n i f i c a n t  increase of 32-48% 
in r a t  cortex  as a r e s u l t  of lead exposure.
More r ec e n t ly  the use of microwave i r r a d i a t i o n  to 
s a c r i f i c e  the animals has led to the observed t r a n s m i t t e r  
leve ls  being c loser  to the in vivo s i t u a t i o n , and a
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regiona l  d iminut ion of brain ac e ty lc h o l i n e  as a r e s u l t  of  
lead exposure has since been noted; reduct ions being 
observed in the cerebel lum,  medul la ,  diencephalon,  
cerebrum, s t r i a tu m ,  midbrain and indeed whole brain  
fo l lo w i ng  30 days lead exposure (Modak, Purdy & Stavinoha,  
1978) .  However, exposure f o r  a longer period resu l ted  in 
the l ev e l s  re tu rn ing  to normal in whole brain (Modak e t  a I ,
1978) ,  m idbra in ,  hippocampus, s t r ia tum and cortex (Shih & 
Hanin,  1977; 1978a) .
Less contradictory is the data e x i s t i n g  concerning  
the e f f e c t  of  lead on the cent ra l  c h o l in e r g i c  nervous 
system involving turnover  studies which in d i ca te  a 
downgrading of c h o l i n e r g ic  metabolism as a r e s u l t  of  lead 
exposure (Shih & Hanin,  1977; 1978a) .  These studies in ra ts  
have demonstrated a f a l l  in a c e t y lc h o l in e  turnover  r a t e  in 
the c o r t e x ,  hippocampus, midbrain and s t r i a tum of 35,  54,  
51 and 33% r e s p e c t i v e l y .  S im i l a r  to the data observed in 
the pe r i p he ry ,  in vivo lead t reatment  r e s u l t s  in a 
reduct ion in potassium induced ac e t y lc h o l i n e  re lease (16-  
30%) and also of chol ine  (34-57%) in mouse c o r t i c a l  minces 
(C a r r o l l  et  1 977 ).  Spontaneous re lease  of a c e ty lc h o l i n e  
was also s i g n i f i c a n t l y  increased by 40% but spontaneous 
re lease of cho l ine  was unal te red .
Using synaptosomes, the high a f f i n i t y  t r an sp o r t  of  
chol ine  has been shown to be i n h ib i t e d  by lead.  A reduct ion  
of 50% has been demonstrated by S i l b e rg e ld  & Goldberg
(1975)  using synaptosomes prepared from mouse fo r e b r a in  
t i s s u e ;  low a f f i n i t y  t r anspor t  being un a f fec ted .  Other  
groups  o f  workers have however  f a i l e d  t o  demonstrate any
1 q Q
a l t e r a t i o n  in chol ine  t r an sp o r t  in mouse c o r t i c a l  minces 
( C a r r o l l  e t  1 977; Ramsay, Krigman & M o r r e l l ,  1980) .
Various groups have measured the a c t i v i t i e s  of enzymes 
involved in c h o l i n e r g ic  metabol ism,  namely,  chol ine  
acety I t r a n s f e r a s e , a c e t y lc h o l in e  esterase, -  chol ine  
phosphokinase and bu ty r y Ic h o l i n e  es te r as e ,  and where 
changes in a c t i v i t y  were observed,  there  were d i f f e r en ce s  
when measured in d i f f e r e n t  brain regions.  Such an 
observat ion would point  to a s e l e c t i v i t y  of  act ion of lead 
in d i s c r e t e  brain regions of the r a t  and mouse in favour  of  
an o v e r a l l  uniform e f f e c t  on the e n t i r e  b r a i n .  Modak and 
his col leagues (1975a/b)  have demonstrated a s i g n i f i c a n t  
reduct ion in the a c t i v i t y  of  a c e t y lc h o l in e  esterase (9-12%)  
in the r a t  diencephalon,  pons-medulla and midbrain whi le  
there  was an increased a c t i v i t y  of  cho l ine  
a c e t y I t r a n s f e r a s e  (14-18%) in  the ce rebra l  c o r t e x ,  
hippocampus, and medu11a-pons. The reduct ion in  the  
diencephalon c o r r e la te d  with an increased concentrat ion of  
ac e ty lc h o l i n e  also observed in t h i s  study,  although t h i s  
was t r u e  of only th is  one brain region.  Chol ine  
a c e t y I t r a n s f e r a s e  a c t i v i t y  was not a l t e r e d  in the  
cerebel lum,  diencephalon or s t r i a tum ,  whi le the same was 
t rue of a c e ty lc h o l i n e  esterase in the cerebel lum,  c o r t ex ,  
hippocampus, pineal  and s t r i a tum.  The drawback of t h i s  
study however,  was th a t  the ra ts  were exposed to a 
r e l a t i v e l y  high dose of lead (1% lead ac e t a te )  post partum 
and subsequent ly post weaning fo r  60 days,  and as a r e s u l t  
these animals exh ib i te d  a s i g n i f i c a n t l y  reduced weight  
gain.  Although there was no a l t e r a t i o n  in the a c t i v i t y  of
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a c e t y l c h o l i n e  esterase in the cor tex  or cerebel lum in t h i s  
study,  a study by Sobotka,  Brodie & Cook (1975)  has
demonstrated a reduct ion in the a c t i v i t y  in these brain  
regions wi th no s i g n i f i c a n t  change in the brainstem as was 
also observed by Anca ( 1983 ) .  In support , .  Anca has
a d d i t i o n a l l y  observed a f a l l  in a c e t y lc h o l in e  esterase in 
the ce rebel lum,  diencephalon and whole r a t  b ra in .  However,  
s i m i l a r l y  to the data of Modak and co-workers,  Hrdina et  a 1
(1976)  observed no a l t e r a t i o n  in a c e ty lc h o l in e  esterase  
a c t i v i t y  in r a t  cor tex f o l l o w i n g  lead exposure.  Analysis of  
fo re b r a in  fo l lo w i ng  lead exposure has demonstrated no 
a l t e r a t i o n  in the a c t i v i t i e s  of ac e t y lc h o l i n e  es te rase ,  
chol ine a c e t y I t r a n s f e r a s e  or chol ine phosphokinase in the  
mouse ( C a r r o l l  e^ 1977) .  These f i n d i n g s ,  observed
mainly in ra ts  but also in mice,  are in accord with data
obtained in man (De Bru in ,  1971) .  In t h i s  study,  serum 
ac e ty lc h o l i n e  esterase a c t i v i t y  was s i g n i f i c a n t l y  reduced 
in man exposed to high concentrat ions  of lead in the 
environment and in p a t i e n ts  with lead poisoning.  Acute 
exposure of  ra ts  to lead (7.5mg/kg lead aceta te  i n t r a -  
p e r i t o n e a l l y  from b i r t h  f o r  10 days) has shown a 
s i g n i f i c a n t l y  decreased a c t i v i t y  of a c e t y lc h o l in e  esterase  
in the hippocampus (40%) and the medu11a - ob 1ongata (17%) - 
Louis-Ferdinand ejt ^  ( 1978) .  No changes were however seen 
in other  brain  regions -ce rebe l lum,  cerebrum, midbrain and 
s t r i a tum.
The a c t i v i t y  of b u t y l r y l c h o l i n e  es te r as e ,  an enzyme 
involved i n  ac e t y lc h o l i n e  metabol ism, although of u n c e r t a i n  
p h y s i o l o g i c a l  s i g n i f i c a n c e ,  has been inves t iga te d  fo l low ing
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lead exposure.  Sobotka et  aj_ ( 1 975 ) have observed a
s i g n i f i c a n t  reduct ion in the enzyme in the cortex and 
brainstem wi th no change or a s l i g h t  increase in the
cerebel lum fo l l o w i n g  exposure of ra ts  via gavage which 
resu l ted  in a s l i g h t  s ta te  of un de rn ut r i t io n  in the
animals.  S i m i l a r l y ,  acute intravenous exposure of ra ts  to 
lead f o r  15-20 days a f t e r  b i r t h  resu l ted  in a s i g n i f i c a n t  
reduct ion in a c t i v i t y  in selected brain  regions,  namely 
cerebrum, hippocampus and midbrain.
In ad d i t ion  to these e f f e c t s  on s p e c i f i c  aspects of the
ch o l in e r g ic  system, lead has been observed to have a
general  i n h i b i t o r y  e f f e c t  on energy metabolism (Holtzman,
Hsu & Desaute l ,  1981; Bull  e t  1979) ,  an ext remely
important  f a c t o r  where the brain is concerned due to i t s
s p e c i f i c  requirements f o r  glucose as an energy source.  Bul l
and his col leagues in 1975 induced r a t  ce rebra l  cortex  to
perform osmotic work in response to a change in potassium
concent rat ion  in the medium. The data they obtained
st rongly  suggested an i n h i b i t i o n  of  the ox ida t ion  of
reducing equ iv a len ts  produced in the cytosol  by the
mi tochondr ia .  Thus lead upon binding to the mi tochondr ion,
can cause a reduct ion in the a c t i v i t y  of  the Krebs or
c i t r i c  acid cycle  and hence a reduct ion in energy
product ion.  This data is supported by studies of Goldstein
( 1977) ,  Holtzman,  Hsu & Mortel  1 ( 1978) and Gmerek ejL
(1981) .  Again using ra t  ce rebral  cortex s l i c e s  from animals
exposed to 600 ppm lead in water f o r  20 days,  S t e r l i n g  et
13"
al (1980)  have demonstrated a reduced incorpora t ion  of C 
and H l a b e l l e d  glucose in to  i t s  metabol ic  products such as
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l a c t a t e ,  c i t r a t e  and also a c e ty lc h o l i n e .  A reduct ion of  13- 
17% of  glucose In corpora t ion  into in termediates  of  the  
Embden-Meyerhof g l y c o l y t i c  pathway: g l ucose-1-phosphate,
g 1ucose-6-phosphate , f ructose -6-phosphate ,  < - g l y c e r o -  
phosphate and pyruvate ,  and also a reduced conversion of  
ketone bodies such as p-hydoxybutyr ic  acid in to  c i t r a t e  and 
a c e t y l c h o l i n e .  Such an e f f e c t  of lead would appear to be a 
general  one on glucose metabolism as against  being d i rec ted  
at a s p e c i f i c  s i t e .  Such observat ions are of  importance 
si nce  glucose and pyruvate are major precursors to the  
acety l  moiety of a c e ty lc h o l i n e  in adul t  r a t  brain  (Quaste l ,  
Tennenbaum & Wheat ley,  1936; Browning & Shulman, 1968; 
Tucek & Cheng, 1974) .  Although several  mechanisms f o r  the  
t r a n s p o r t  of acety l  groups across the mi tochondr ia l  
membrane into the cytosol  have been proposed (dope, 1979;  
Dolezal  & Tucek, 1981; Tucek et  1981) ,  the mechanism in 
the r a t  is probably t h a t  which occurs in man, invo lv ing  the 
conversion of  acety l -CoA In to  c i t r a t e  i n t r a m i t o c h o n d r i a l l y , 
and i t s  subsequent reconversion into acety l  CoA w i th in  the  
cytosol  by A T P - c i t r a t e  lyase ( S t e r l i n g  & O ' N e i l l ,  1978;  
S t e r l i n g ,  McCaf fer ty  & O ' N e i l l ,  1981) - f i g u r e  4 . 1 .
Data support ing a reduct ion in a v a i l a b i l i t y  of acety l  
moiet ies f o r  a c e ty lc h o l i n e  synthesis has been obtained in 
ra ts  exposed to lead via  t h e i r  dams which were suppl ied  
with 1% lead ace ta te  in t h e i r  water f o r  45 days post  
partum. The o f f s p r i n g  exposed to lead ex h ib i ted  an 
increased a c t i v i t y  of  hexokinase,  the enzyme responsible  
fo r  the conversion of giucose-6-phosphate in to  g l uc o s e - 1 ,6 -  
diphosphate,  pa r t  of  the g l y c o l y t i c  path,  and an increased
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pyruvate concent rat ion  in the brain of  non-exposed animals.  
These observat ions are suggest ive of a marked glucose 
consumption and incomplete glucose degradat ion via the 
krebs cycle  -  f i g u r e  4 . 2 .
Ace ty l ch o l ine  synthesis can be reduced as a r e s u l t  of  -
1. A reduct ion in chol ine  a c e ty i t r a n s fe r a s e  a c t i v i t y
2. Reduced concent rat ion  of one or other  of the precursors ,  
chol ine or acety l  CoA
or
3. I n d i r e c t l y  by a decrease in ac e t y lc h o l in e  re lease .
Debate e x is t s  as to the mechanism(s) c o n t r o l l i n g
a c e ty lc h o l i n e  synthesis and re lease and which f a c t o r  is 
ra te  l i m i t i n g .  The act ion of lead on ce n t r a l  and per ip he ra l  
ac e ty lc h o l i n e  l eve ls  may wel l  r e s u l t  by compet i t i ve
i n t e r a c t i o n  of lead ions with calcium at presynapt ic
c h o l i n e r g ic  nerve te rmina ls  ( S i l b e r g e ld  & Goldberg,  1975; 
Car ro l l  £t_ 1 977; S i l b e r g e l d ,  1 977; S i lb e rg e ld  & Ad le r ,
1975) .  Lead and calcium ions are s i m i l a r  in being d i v a l e n t  
cat ions al though of g r e a t l y  d i f f e r e n t  mass:charge r a t i o .  
However, perhaps equa l l y  important ,  i n h i b i t i o n  of glucose 
metabolism has been shown to decrease the a v a i l a b i l i t y  of 
acety l  CoA es s e n t i a l  f o r  a c e t y lc h o l in e  synthesis (Gibson,  
dope & Blass,  1975; Gibson & Blass,  1976) ,  an act ion also  
observed as a r e s u l t  of lead exposure as discussed above.  
The e f f e c t  of  lead on c h o l in e r g i c  metabolism w i l l  be 
i nves t ig a t ed  in t h i s  chapter  by measuring the a c t i v i t y  of  
Chat in the brains of  ra ts  exposed to lead via  t h e i r  
dr ink ino water .
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Figure 4 .2  Metabol ic  pathway of  g l yc o ly s i s
and the Krebs cyc le .
The f i g u r e  i l l u s t r a t e s  the r e l a t i o n s h i p  of the 
g l y c o l y t i c  and Krebs cycles with the a v a i l a b i l i t y  of  
ac e t v1-coenzyme A the precursor of a c e t y lc h o l i n e .
4.2 Method s
Maie Sprague-Dawiey rats were exposed to lead (as the 
a c e ta te )  at  a l eve l  of (5mg le a d /1 )  in t h e i r  d r ink ing
water from weaning with a control  group re ce iv ing  d i s t i l l e d  
water .  The animals were al lowed access to food and water  
ad. l i b i t u m .  Fol lowing a period of exposure of e i t h e r  3 or  
7 months, the ra ts  were s a c r i f i c e d  by d e c a p i t a t io n .  The 
brains were removed, d isse c t ion  as descr ibed in the methods 
sect ion c a r r i e d  out ,  and chol ine  a c e t y 1 t r an s f e ra se  a c t i v i t y  
subsequent ly measured in each region.  A sample of  
hepar in ised blood was obtained f o r  lead a n a l y s i s ,  as was 
the femur.  The a n a l y t i c a l  techniques to measure cho l ine  
a c e t y I t r a n s f e r a s e  a c t i v i t y ,  t issue  p ro te in  co ncent ra t ion ,  
blood and bone lead concentrat ions are as d e t a i l e d  in the  
general  methodology sect ion .
4.3 Resul ts
Lead exposure in these two groups of animals was
assessed by means of  blood and bone lead content  ( t a b l e
4 . 1 ) .  While blood lead concentrat ion was s i g n i f i c a n t l y
raised in the exposed group compared to the non-exposed
cont ro ls  (p<0.002 - by Mann-Whitney U t e s t )  fo l low ing  an
exposure per iod of 3 months, there was no s i g n i f i c a n t
d i f f e r e n c e  between the two groups when the length of
exposure was extended to 7 months. However, the animals
were s t i l l  exposed to ,  and accumulating lead as
demonstrated by the s i g n i f i c a n t l y  e levated l ev e l  of  lead in
the femur of  exposed compared to non-exposed animals a f t e r
both per iods of  exposure.  The degree of lead accumulation
was not d i r e c t l y  re la t ed  to length of exposure.  A large 
variation in blood lead levels was observed between the 
3 and 7 month control groups which may be related to a 
variation in lead from rat chow known to occur during 
the year.
Tables 4 .2  and 4 .3  present  the a c t i v i t y  of  chol ine  
a c e t y I t r a n s f e r a s e  in the four  d i sc r e te  brain regions  
analysed in the non-exposed and exposed ra ts  fo l low i ng  
exposure periods of 3 and 7 months. Of the regions s tudied,  
cerebel lum,  midbra in ,  diencephalon and te lencepha lon ,  
a l t e r a t i o n s  in the a c t i v i t y  of th is  enzyme were noted in 
only two,  namely, midbrain and diencephalon.  Fol lowing  
exposure to 24jjM lead f o r  3 months there  was a s i g n i f i c a n t  
reduct ion in chol ine  a c e ty 1 t r ans fe rase  a c t i v i t y  in the 
midbrain (p<0.02 by Mann-Whitney U t e s t )  as a r e s u l t  of  
lead exposure.  This a l t e r a t i o n  only reached s i g n i f i c a n c e  
however, when the r es u l ts  were expressed per un i t  of  
t i s s u e ,  and al though the trends remained when expressed per  
un i t  of  p r o t e i n ,  the a l t e r a t i o n s  f a i l e d  to reach 
s t a t i s t i c a l  s ig n i f i c a n c e  at  the 5% l e v e l .  In the 
diencephalon,  lead exposure was associated wi th a r i s e  in 
chol ine  a c e t y I t r a n s f e r a s e  a c t i v i t y  both when expressed per 
un i t  of t i s su e  and p r o t e i n ,  al though the r i s e  was only  
s i g n i f i c a n t  when the data were expressed with respect  to 
prote in  content  of the t i ssue ( p < 0 . 05 ) ,  perhaps due to the 
large d i s t r i b u t i o n  in enzymatic a c t i v i t y  present  w i th in  
each group. Extending the period of exposure to 7 months 
did not r e s u l t  in any s i g n i f i c a n t  a l t e r a t i o n s  in chol ine  
a c e t y I t r a n s f e r a s e  a c t i v i t y ,  although the pat terns of 
change observed at 3 months were again ev ident  a l b e i t  non­
s i g n i f i c a n t .
In an at tempt to expla in  th is  fe a t u re  th a t  the data 
demonstrated a strong dependence on the method of 
presentat ion of r e s u l t s ,  the prote in concentrat ion of each
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brain region was c a lc u la te d  and a comparison between lead 
exposed and non-exposed groups performed ( ta b le  4 . 4 ) .  
Although no s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t  of lead on 
brain p ro t e in  concent rat ion  was observed,  lead exposure was 
in general  associated wi th a reduct ion in p rote in  content  
of the t i s s u e .
Table 4.1 B1ood and bone lead concentrât  ions
Blood lead and bone lead concentrat ions in ra ts  exposed to 
24yjM lead or d i s t i l l e d  water f o r  a period of 3 or 7 months.  
10 ra ts  are included in each group in the 3 month group 
whi le each 7 month group contains 6 r a t s .
Treatment
group
Blood lead (x+S.D. )  
- ^pmolesTl
Control  24jjM Pb
Bone lead ( x+S.D. ) 
-^moles/kg dry wt.
Control  24jjM Pb
3 month 0 .57+0 .06  0 .74+0 .08 7 . 0 +2 .8  26 .8+ 5 . 0
7 month 0 .28+0 .03  0 .3+0 .05 4 .2 +0 .5  23 .8+3 .0
* p< 0.002 compared to control  non-exposed group 
by Mann-Whitney U t e s t .
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T a b l e  4 . 2  C h o i i ne  a c e t y I t r a n s f e r a s e  a c t  i v i t y
-  3 months exposure
Chol ine a c e t y i t r a n s f e r a s e  a c t i v i t y  in r a t  bra in
fo l lo w i ng  exposure to 24|iM lead aceta te  f o r  3 manths since
weaning. Results expressed as the mean + 5.D
ob ser va t io ns .
of 10
Brain Region Chol ine a c e ty I t r a n s fe r a s e  a c t i v i t y
- ^moles/g  t i s s u e / h r .  - j i mol es / g  p r o t e i n / h r .
c o n t r o 1 lead cont rol lead
Cerebel1um 0.6 7+0 .23 0 .72+0.26  — *
5 .05+1 .17 6 .28+2 .33
Midbrain 6 .06+1 .04 4 .78+1 .00 50 ,3+6.9 46 .9+8 .2
Diencephalon 6 .33+1 .77 8 .08+2 .20 77 .9+47 .5 12 7 .9j+56,
Telencephalon 6 .5 9+1 .67 5 .72+1 .49 67 .3+12.8 59.1+15.1
*  p < 0 .02
* *  p < 0 . 0 5
compared to con t ro l  non-exposed 
group by Mann-Whitney Ü t e s t .
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Table 4 .3  Choi Ine a c e ty I t r a n s f e r a s e  a c t i v i t y
2  2  months exposure
Chol ine a c e t y I t r a n s f e r a s e  a c t i v i t y  in r a t  brain  
f o l lo w in g  exposure to 24jjM lead aceta te  f o r  7 months since  
weaning. Results expressed as the mean + S.D. of  6 
observa t ions .
Brain region Choline a c e ty I t r a n s fe r a s e  a c t i v i t y
- j jmoles/g t i s s u e / h r .  -^moles/g p r o t e i n / h r .
c o n t r o 1 lead control lead
Cer ebe l1um 0. 53+0 .10 0.54+0.11 4 .94+0.64 6 .97+2.29
Midbrain 5 .22+2.51 5.44+2.03 59 .8+20 .5 49 .8+20.2
Diencepha1 on 5 .42+1 .82 7.56+1.90 51 .0+20 .8 69 .2+21 .5
Telencephalon 5 .58+1.35 6.17+1.29 49 .1+13 .6 49 .6+12.3
Table 4 .4  Tissue p rote in concentrat ion
-
Prote in  concent ra t ion of brain t i ssue  from rats  exposed
to 24|iM lead acetate  from weaning.
Brain region 3 month exposure 
(x+S.D.  10 observat ions  
“  - mg/mi )
7 month exposure 
(x+S.D.  6 observat ions  
-  mg/ml )
c o n t r o 1 lead co n t r o 1 lead
Cerebel1um 6.53+^ .03 5.91+0.68 5.40+1.56 4.08+0.95
Midbrain 5 .86+J .13 5.05+0.97 5.48+0.94 5 .42+0.72
Diencephalon 4 .56+1.05 3.72+1.21 5 .35+0.86 5.48+0.54
TelencephdIon 5.28+1.11 4.96+0.75 5.84+0.27 6.58+4.03
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4 .4  Pi scuss i on
The f i r s t  n e ur o t r an sm i t t e r  pathway to be examined wi th
regard to i d e n t i f y i n g  the neurochemical  disturbance in lead 
t o x i c i t y  was the ch o l i n e r g ic  system. This was a lo g ic a l  
d i r e c t i o n  in which to proceed since p a r a l l e l i s m  was assumed 
to occur between the act ions of lead on the per iphera l  and 
ce n t r a l  c h o l i n e r g ic  synapses and such act ions of lead aimed 
at  pe r i p he ra l  ch o l in e r g ic  neurons have indeed been 
demonstrated as discussed in the in t roduc t ion  to t h i s  
chapter .  However, i t  soon became ev ident  th a t  the ce n t r a l  
c h o l i n e r g ic  e f f e c t s  of lead were not as simple and c l e a r  
cut as the observed per iphera l  ac t ions.
I t  is un for tunate  th a t  the concentrat ion of  
a c e t y l c h o l i n e  and the precursor  chol ine  were not able to be 
q u a n t i t a te d  in t h i s  study due to the u n a v a i l a b i l i t y  of  
expensive microwave i r r a d i a t i o n  equipment necessary to 
s a c r i f i c e  the animals.  Rapid post mortem changes occur  
wi th in  the c h o l i n e r g ic  system and t h e r e f o r e  the animals  
must be k i l l e d  ext remely qu ick ly  in order to obta in  
t r a n s m i t t e r  l ev e ls  close to the in vivo s i t u a t i o n .  The 
a l t e r n a t i v e  choice was th er e f o re  to measure the a c t i v i t y  of  
the enzyme responsib le  f o r  t r a n s m i t t e r  synthesis.
The r e g u la t i o n  of ac e t y lc h o l in e  synthesis is complex and 
not e n t i r e l y  understood,  but i t  is thought tha t  the  
a v a i l a b i l i t y  of the precursors,  chol ine  and acety l  
coenzyme-A, is an important  f a c t o r .  Since ac e ty lch o l i ne  is 
derived from the metabolism of glucose and other  
carbohydrates ,  any in te r fe r en ces  with metabolism may r e s u l t  
in a reduct ion in acetyl  coenzyme A and u l t i m a t e l y
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a c e t y l c h o l i n e .  The a c t i v i t y  of  chol ine  a c e ty I t r a n s f e r a s e  
present  in nerve endings appears to be in excess of t h a t  
requi red to support the observed rates  of t r a n s m i t t e r  
synthesis (Jope,  1979) .  The reac t ion  is r e v e r s i b l e  and 
since i t  is normal ly close to e q u i l i b r i u m ,  the net ra te  of  
the r ea c t ion  w i l l  depend on the r e l a t i v e  concentrat ions of  
subst ra te  and product .  I f  indeed the a c t i v i t y  of chol ine  
a c e t y I t r a n s f e r a s e  is not of primary importance in 
determining the concentrat ion of the neur o t r an sm i t t e r  
a c e t y l c h o l i n e ,  then the measurement of the enzymatic  
a c t i v i t y  may not be a useful  tool  in the e lu c id a t i o n  of a 
possible  c h o l i n e r g i c  e f f e c t  of lead.
The data presented in the r esu l ts  sect ion of t h i s  
chapter  however suggests an e f f e c t  of  lead on c h o l i n e r g ic  
t ransmiss ion which re s u l t s  in an a l t e r a t i o n  in chol ine  
a c e t y l t r a n s f e r a s e  a c t i v i t y .  There is no evidence from t h i s  
study to point  to the s i t e  of such an ac t io n .  Whether lead 
is Tiaving a s p e c i f i c  i n h i b i t o r y  a f f e c t  on the enzyme i t s e l f  
in the midbrain or the reduced a c t i v i t y  is a secondary 
f a c t o r  r e s u l t i n g  from an a l t e r n a t i v e  act ion of the metal  
remains to be discovered.  We can however see th a t  the  
neurotoxic  ac t ion is of a s e le c t i v e  nature;  th a t  is lead 
does not have a general  e f f e c t  on the brain as a whole. The 
act ion would appear to be loca l i sed  to s p e c i f i c  brain  
regions since in t h is  study although four  anatomical  brain  
regions were s tud ied ,  namely the cerebel lum,  midbra in,  
diencephalon and the te lencephalon,  s i g n i f i c a n t  changes in 
enzymatic a c t i v i t y  were confined to the midbrain and the 
diencephalon.  Indeed,  the observed d i r e c t i o n  of change in
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enzymatic a c t i v i t y  d i f f e r e d  in each region with a r i s e  
being observed in the diencephalon w h i ls t  the a c t i v i t y  was 
depressed in the midbra in.  A b e t t e r  in s i gh t  in to  the 
c h o l i n e r g ic  e f f e c t s  of lead may have been possible had the 
concent ra t ions of a c e ty lc h o l i n e  and chol ine  been measured.
The d iscrepanc ies  between the data presented in two 
d i f f e r e n t  ways is d i f f i c u l t  to i n t e r p r e t  and may p a r t l y  be 
expla ined by the large v a r i a t i o n  in a c t i v i t i e s  observed in 
the animals.  In the midbra in ,  there was a s i g n i f i c a n t  
decrease in a c t i v i t y  a f t e r  three  months exposure when the
re su l ts  are expressed per un i t  of t i s s u e ,  which is lost
when expressed per un i t  of p r o t e in .  The two groups, con tro l  
and lead t r e a t e d ,  did not e x h i b i t  s i g n i f i c a n t l y  d i f f e r e n t  
brain p ro te in  concent rat ions ( t a b l e  4 . 4 ) .  S i m i l a r l y ,  th ree  
month lead exposure resu l ted  in a s i g n i f i c a n t  r i s e  in
chol ine a c e t y I t r a n s f e r a s e  a c t i v i t y  in the diencephaIon when 
the data was expressed per un i t  of  p r o t e in ;  the re  was an 
increase in a c t i v i t y  expressing per u n i t  of p ro te in  but i t  
f a i l e d  to reach s t a t i s t i c a l  s ig n i f i c a n c e  at  the 5%
confidence l e v e l .  Once again there  was no s i g n i f i c a n t  
d i f f e r e n c e  in p ro te in  content  of the diencephalon between 
the two groups. One suspects th a t  the r i s e  f a i l s  to reach 
s ig n i f i c a n c e  because of the large v a r i a t i o n  in observed 
a c t i v i t i e s  but t h i s  cannot be proven.
Where s i g n i f i c a n t  a l t e r a t i o n s  in chol ine
ac e t y1 t r a n s f e r a s e  a c t i v i t y  were noted,  they were only  
observed in the group of ra ts  exposed to lead f o r  three  
months; no s i g n i f i c a n t  a l t e r a t i o n s  were observed in the 
group exposed f o r  a longer period of seven months, al though
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s i m i l a r  t rends of a reduced a c t i v i t y  in the midbrain and 
enhanced a c t i v i t y  w i t h in  the diencephalon were apparent .  
These a l t e r a t i o n s  were however not s t a t i s t i c a l l y  
s i g n i f i c a n t .  The longer exposure study comprised of  only 6 
animals in each group in comparison with 10 in the 3 month 
study.  Thus one can speculate th a t  the changes may wel l  
have reached s i g n i f i c a n c e  had the groups been l a r g e r .
Previous studies q u a n t i t a t i n g  the a c t i v i t y  of chol ine  
a c e t y l t r a n s f e r a s e  have in general  f a i l e d  to note 
s i g n i f i c a n t  changes as a r e s u l t  of lead exposure ( C a r r o l l  
et  a 1 , 1 977 ) ,  al though a r i s e  has been observed in one
study (Modak e^ £2» 1975a/b)  in the cerebrum, hippocampus
and pons-medul la .  The increase in a c t i v i t y  in our study may 
wel l  be due to a d i r e c t  e f f e c t  of lead on the enzyme but i t  
is more l i k e l y  to be a compensatory r i se  r e s u l t in g  from 
another ac t ion  of lead.  I f  there  were a shortage of  
precursors f o r  t r a n s m i t t e r  synthes is ,  the a c t i v i t y  of  
chol ine a c e t y l t r a n s f e r a s e  may increase in an at tempt to 
meet t r a n s m i t t e r  requirements.  The in t roduc t ion  to t h i s  
chapter  discussed the f a c t  th a t  the main source of the  
acety l  moiety f o r  ac e ty lc h o l in e  synthesis is from glucose  
and pyruvate by way of g l y c o ly s i s .  I t  is wel l  recognised  
th a t  lead has profound e f f e c t s  on intermediary  metabolism 
and the mitochondrion in general  , al though i t s  s p e c i f i c  
act ions are r a th e r  hazy ( B u l l ,  1980) .  Thus i t  is not  
u n r e a l i s t i c  to consider  a l ink  between the act ions of lead 
on energy product ion and a l t e r a t i o n s  in c e n t ra l  
neuro t ransmi t te rs  such as glutamate,  GABA and indeeo 
a c e t y l c h o l i n e .  Whether or not such an ac t ion of  lead on
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ce nt ra l  c h o l i n e r g ic  metabolism is mediated through an
e f f e c t  of  calcium as proposed by S i l b e r g e l d ' s  group,  
remains to be seen al though i t  does present  an a t t r a c t i v e
p o s s i b i 1i t y .
I t  is ev ident  t h a t  i f  lead does indeed have a neurotoxic  
act ion associated wi th the cent ra l  c h o l in e r g i c  nervous 
system, then a grea t  deal  of work is s t i l l  requi red in
order  to e l u c i d a t e  the mechanism. The evidence presented in
t h i s  chapter  would c e r t a i n l y  not re fu te  such an e f f e c t  of  
lead on ce n t r a l  c h o l i n e r g ic  metabol ism.
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CHAPTER 5
LEAD RELATED DERANGEMENTS OF CATECHOLAMINE
METABOLISM
5. I i n t r o du c t io n
The catecholamines are widely d i s t r i b u t e d  throughout  
both the pe r i p h e ra l  and the cen t ra l  nervous systems, and in 
a d d i t i o n ,  a high concentrat ion can be found in the adrenal  
medul la.  Within the nervous system the es se n t ia l  enzymes 
fo r  b iosynthes is  are synthesised in the c e l l  body and
transported  by axoplasmic f low to the termina l  axons. The
synthe t ic  pa th ,  shown in f i g u r e  5 . 1 ,  r e l i e s  on a supply of 
d i e t a r y  amino acids in the form of phenyla lanine and
t y r o s i n e ,  two amino acids which, in the western world at  
l east  there  is an adequate supply of in the d i e t .
The f i r s t  step in the pathway involves the conversion of  
phenyla lanine into ty r o s in e ,  a reac t ion cata lysed by the
enzyme phenyla lan ine  hydroxylase (E.C.  1 . 1 4 . 3 . 1 ) .  The
fu r t h e r  a d d i t i on  of a 3-hydroxy moiety to ty ros ine  thus 
convert ing a phenol group into the corresponding catechol  
amino acid and producing d ihydroxyphenyla lanine (dopa) ,  is 
catalysed by the r a t e - c o n t r o l l i n g  enzyme of  the path,  
t y ros ine  hydroxylase (E.C.  1 . 1 4 . 3 a ) ,  which is loosely
associated wi th the endoplasmic re t i cu lum.  Both ty ro s ine  
hydroxylase and the proceeding enzyme, phenylalanine  
hydroxylase,  requ i re  the presence of co factors f o r  maximal 
a c t i v i t y .  In t h is  case both iron and te t r a h y d r o b io p t e r i n  
are e s s e n t i a l .  The level  of  neuronal a c t i v i t y  is an 
important f a c t o r  in the control  of t y ro s in e  hydroxylase and 
hence of catecholamine synthesis.  I f  the neuronal a c t i v i t y  
is ra is e d ,  the synthesis rate  of t y ros ine  hydroxylase is 
increased,  and the converse is t rue  when neuronal a c t i v i t y  
is low. In t h i s  way the ra te  of synthesis of catecholamines
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Figure 5.1 Major route of catecno1 am 1 ne synthesis.
The diagram shows the major route of  synthesis which 
occurs in a l i  catecholamine synthesis ing t i s s u e s .  The 
i n t e r n a t i o n a l  enzyme c l a s s i f i c a t i o n  code f o r  each 
enzyme is included in paren thes is .
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is adjusted to meet the requirements of t ransmission.  Such 
a l t e r a t i o n s  In synthesis of t y ros ine  hydroxylase are 
i n h i b i t e d  by i n h i b i t o r s  of purine synthesis such as 
puromycin,  eye 1 ohexamide or actinomycin D. The a c t i v i t y  of  
t y ro s i n e  hydroxylase is also under d i r e c t  end-product
i n h i b i t o r y  control  from noradrena l ine ,  and the K of the
M
enzyme is approximately equiva len t  to the concentrat ion of  
t y ro s i ne  in blood,  th a t  is around O.ImM.
Dopa decarboxylase (E.C.  4 . 1 . 1 . 2 6 )  or aromatic amino
acid decarboxylase as i t  is of ten termed,  r e f l e c t i n g  the  
no n- sp ec i f i c  nature of i t s  subst rate  s p e c i f i c i t y ,  is the  
next enzyme in the path,  and is responsible fo r  the  
decarboxy la t ion of dopa to form dopamine, the f i r s t  of the  
catecholamines.  The combination of the slow ra te  of  
format ion of dopa with the rapid conversion into dopamine,  
r e s u l t s  in very l i t t l e  dopa being found in adrenergic  
t i s su e s .  Dopa decarboxylase is found f r ee  in the cytoplasm 
and not associated with su b c e l l u l a r  s t ru c t u re s .  S i m i l a r l y ,  
to the other  decarboxylases,  pyr idoxal  phosphate is 
required as c o fa c to r .  Within sympathetic adrenergic  
neurones, dopamine represents around 10% of the t o t a l  
catecholamines present and i t  is thought to co n s t i t u te  a 
reserve of precursor  f o r  the synthesis of noradrena l ine .
Dopamine, formed in the cytoplasm of the axon, is taken
up and bound by storage vesic les  wi th in the neuron which
can be looked upon as the equiva len t  of  storage granules in 
t h e '  chromaff in c e l l s .  Uptake serves to p ro tec t  the amine 
from de gr a t i ve  enzymes present wi th in  the neurone and which 
w i l l  be discussed l a t e r .
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Noradrenal ine is formed from dopamine via the enzyme 
dopamine-B-hydroxylase {E.C.  1 . 1 4 . 2 . 1 ) ,  an enzyme which
contains copper as a p r os the t ic  group and during the  
hydroxy la t ion  r e a c t i o n ,  the co fac tor  ascorbic acid is 
converted to dehydroascorbate.  The enzyme is incorporated  
within  the catecholamine storage o rga ne l l es ,  a ' propor t ion  
being bound to membranes and the remainder re leasab le .
F i n a l l y ,  in chromaff in c e l l s  of the adrenal medul la  
(Axel rod,  1962) ,  adrena l ine  is the catecholamine product of  
the b io sy n th e t ic  pathway. Pheny1ethano1 amine N-methyl  
t r an s fe ra se  ( S -adenosy l -L -meth ionine: phenylethanolamine-  
methyl t r a n s fe ra s e  ; PNMT -E.C.  2 . 1 . 1 . 2 8 )  is responsible f o r  
th is  conversion from noradrena l ine ,  the methyl group being 
derived from adenosylmethionine, and i t  is thought th a t
th is  enzyme may be involved in the control  of adrenergic  
synthesis.  The synthesis of the enzyme is under p o s i t i v e  
control  from adrenocor t i ca l  hormones. S im i l a r l y  to dopa
decarboxylase,  phenylethanolamine N-methyl t rans fe rase  is 
not subs t ra te  s p e c i f i c  f o r  noradrenal ine and w i l l  also form 
epinine from dopamine 6conv&fLadrenaline into d imethy l -  
noradrena1i ne. Since these enzymes of catecholamine  
synthesis are not s p e c i f i c  fo r  substrate requirements,  a 
minor path of catecholamine synthesis ex is t s  in adjunct  to 
the major path and is shown in f ig ur e  5 . 2 .  As a r e s u l t ,  a 
number of r e la t e d  species,  ty ramine,  octopamine,
synephrine,  ep in ine  and dimethy1noradrena1i ne are normal ly  
present in small  amounts in catecholamine synthesising
t issues and in u r in e .
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Figure 5 .2  Mi nor metabol ic pathways concerned with  
catecholamine b iosynthes is .
The pathways shown down the right hand side o f the 
diagram show the minor route leading to catecholamine  
fo rmat ion .  The r e l a t i o n s h i p  between t h i s  route and the 
major route  is also shown by the inc lus ion of the major  
pathway down the centre of the i l l u s t r a t i o n .
Catabol ism of catecholamines is e f f e c t e d  by two enzymes 
act ing in co ncer t ,  namely ca techo l -0 -methyl  t rans fe rase  
(COMT; E.G. 2 . 1 . 1 . 6 ) ,  and monoamine oxidase (MAO: E.G.
1 . 4 . 3 . 4 ) .  In con t r as t  to the in a c t i v a t i o n  of ace ty lcho l ine  
at c h o l i n e r g ic  junc t ions  where the neuro t ransmi t te r  is 
i n a c t i v a t e d  l a r g e l y  by re -u p ta ke ,  GOMT, a d i v a le n t  cat ion  
re qu i r i ng  enzyme, cata lyses t r a n s f e r  of a methyl group from 
adenosylmethionine to the meta ( 3 - )  hydroxy group of the 
catecholamines.  Thus dopamine is converted to 3-  
methoxy tyros ine , noradrenal ine  to normetanephrine , and 
adrena l ine  to metanephrine ( f i g u r e  5 . 3 ) .  The enzyme is 
widely d i s t r i b u t e d  in t issues being located i n t r a c e l 1u1ar ly  
as a cytoplasmic enzyme. Although enzymatic a c t i v i t y  is 
high in l i v e r  and kidneys,  i t  is also present in smooth and 
cardiac muscle,  other  t issues innervated by adrenergic  
nerves,  in c e r t a i n  adrenergic neurones and in the b r a i n .
MAO ca ta lyses the ox id a t iv e  deamination of  
catecholamines to form the corresponding aldehyde 
d e r i v a t i v e  wi th the aid of FAD as a p ros the t ic  group. The 
r es u l t an t  aldehyde is r ap id ly  oxidised or reduced to the 
acid or alcohol  via the appropr ia te  aldehyde dehydrogenase 
or alcohol  dehydrogenase. This reduct ion of aldehyde to 
alcohol  occurs es pe c ia l l y  in the b ra in .  Thus dopamine w i l l  
be converted in to  3 ,4-dihydroxyphenylacet ic  acid (DOPAG) or
3 ,4 -dihydroxyphenylethanol  (DOPET) and adrenal ine or
noradrena l ine  into 3 , 4 -dihydroxymandel ic acid (DOMA) or 
3 , 4- ’d i hyd roxypheny 1 ethy 1 g 1 yco 1 (DOPEG; DHPG). These
react ions of MAO are shown in f ig u r e  5 . 4 .  MAO is located
wi thin the mitochondrion,  probably between the inner and
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outer  membranes. The subst rates f o r  the enzyme, can r e a d i l y  
pass through the outer  membrane. Enzymatic a c t i v i t y  is 
found in almost a l l  t i ssues including adrenergic nerves and 
chromaf f in  c e l l s  and in cen t ra l  neurones u t i l i z i n g  other  
monoamine t r a n s m i t t e r s ,  th a t  is 5 -hydroxy t ryp tamine and 
dopamine. In p r ac t i c e  MAO and COMT act in conjunct ion with  
each o ther  p h y s i o l o g i c a l l y .  The 3-methoxy compounds formed 
from catecholamines by COMT are substrates fo r  MAO, and the 
catechols  wi th a lc o h o l ic  or ac id ic  side chains formed from 
catecholamines a f t e r  MAO has acted are substrates fo r  COMT. 
The complex se r ies  of ca tab o l ic  paths of catecholamines are 
summarised in f i g u r e  5 .5 .
Since e a r l y  repor ts  of the possible involvement of brain  
catecholamines in the lead- induced h y p e r a c t i v i t y  commonly 
observed in animals (Sauerhof f  & Michael son, 1973; Goi ter  & 
Michael son, 1975 ) ,  at tempts have been made to c o r r e l a t e  the  
observed h y p e r a c t i v i t y  with changes in the content  of  
es tab l i shed and some pu ta t i ve  ne ur o t ransm i t te rs .  
Catecholamines,  e s p e c ia l l y  dopamine, appear to be involved  
in the ce n t r a l  regu la t ion  of motor a c t i v i t y  (Creese & 
I verson,  1975);  Jones, Mogenson & Wu, 1981) .  The nucleus 
accumbens would appear to be the primary locus of t h i s  
dopamine-mediated locomotor a c t i v i t y .  Evidence support ing  
these observat ions comes from studies demonstrat ing  
increased locomotor a c t i v i t y  fo l lowing apomorphine, a 
dopamine agonist  ( K e l l y ,  Seviour & Iverson,  1975) and 
fo l lowing amphetamine ad mi n i s t ra t io n ,  which induces 
catecholamine re lease (Azzaro & Rutledge,  1973) .
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Figure 5 .3 Reactions catalysed by COMT.
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Figure 5 .4  Reactions cata lysed by MAO.
Products formed by the act ion of  monoamine oxidase  
(MAO) on nora dren a l ine ,  adrena l ine  and dopamine.
(a)  shows the general  reac t ion  which t h i s  enzyme is
responsible  f o r
(b) s p e c i f i c  products formed from the catecholamines  
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Figure 5 . 5  Catabol ic  act ions of COMT and MAO.
The c a t a b o l i c  enzymes perform physio log ica l  roles  in 
conjunct ion wi th each o ther .  Products of one enzyme 
subsequent l y  act  as substrates fo r  the other  enzyme and 
vice versa.  The diagram i l l u s t r a t e s  these i n t e r - r e l a t e d  
r o l e s .
Ear ly  research concentrated on the e f f e c t s  of lead on 
endogenous lev e l s  of the ne uro t r an sm i t t e r s ,  mainly  
noradrena l ine  and dopamine but also ty ro s in e  to a l i m i t e d  
degree.  Studies have inves t iga ted  these parameters in 
e i t h e r  ra ts  or mice exposed to lead during the neonatal
period or as young ad u l ts .  Several  s tudies have 
i n ves t ig a t ed  the l ev e ls  of catecholamines in the brain as a 
whole. These studies i n i t i a l l y  indicated no change in 
noradrena l ine  concentrat ions  in the r a t  (Sauerhof f  & 
Michael son ,1 973; Mlchaelson & Sauerhoff ,  1974) and mouse 
(Schumann, 1 977; Schumann ejt 1 977 ) ,  but subsequent data 
obtained by the same group of workers showed increased
noradrena l ine  l eve ls  in the brain (Michaelson,  Greenland & 
Roth, 1974; Goi ter  & Mlchaelson,  1975) ,  an e f f e c t  also
confirmed by S i l be rg e l d  & Goldberg (1975 ) .  These same 
studies i n i t i a l l y  Ind ica ted  tha t  dopamine l evels  were 
reduced by 20% (Sauerhof f  & Mlchaelson ,1973; Mlchaelson & 
Sauerhof f ,  1974) ,  and l a t e r  they reported no a l t e r a t i o n  to 
the l eve l  of t h i s  catecholamine (Mlchaelson e;t 1 974;
Goi ter  & Mlchaelson,  1975) ,  an observat ion in agreement  
with t h a t  of S i l be rg e l d  and Goldberg (1975)  in the mouse. 
Regional ana lys is  of the brain however, demonstrates a 
s l i g h t l y  c l e a r e r  p i c t u r e .  Rat f o r e b r a i n ,  midbrain and 
brainstem e x h i b i t ed  an increased concentrat ion of  
noradrena l ine  as a r e s u l t  of lead exposure (S i l b e r g e ld  & 
Goldberg, 1975; Jason & Kel log,  1977; Dubas & Hrdina,  1978; 
Dubas et  a l ,  1978) .  Other studies however, f a i l e d  to 
demonstrate any e f f e c t  in any region.  No change in 
noradrenal ine was observed in the cor tex .  brainstem,
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cerebel lum,  hypothalamus,  s t r i a tum or diencephalon  
(Sobotka & Cook, 1 974; Sobotka et  1975 ; Grant et  aj_,
1976a/b;  Jason & Kel log,  1977) .  Even more data shows a f a l l  
in noradrena l ine  in the hypothalamus, s t r ia tum and 
brainstem (Hrdina et  £l_, 1976; Dubas ^  aj_, 1978; Jason &
Kel log,  1981) .  There would appear th e r e f o re  to be no 
consistency in the data obtained concerning the e f f e c t  of  
lead on brain  noradrena l ine  concentrat ions even wi th in  the  
same bra in region.
Turning now to dopamine leve ls  in d i sc r e te  regions of  
b r a in ,  al though s i g n i f i c a n t  reduct ions in t h i s  
catecholamine were observed in the s t ra i tum (Jason & 
Kel log,  1977) and c o r t ex ,  midbrain,  hypothalamus (Dubas & 
Hrdina,  1978) ,  other  studies have shown no change in 
various regions;  cor t ex ,  brainstem,  hypothalamus, s t r ia tum  
and . fo rebra in  (Sobotka & Cook, 1 974; Sobotaka £l_, 1 975 ; 
Grant e;t 1 976a/b;  Schumann, 1 977; Schumann, et  aj_, 1 977 ; 
Jason & Ke l lo g ,  1981) .  I n d i r e c t  measurements of dopamine 
l eve ls  were obtained in a study which quant i t a ted  the leve l  
of p r o l a c t i n .  Lead exposure caused an increase in p r o l a c t i n  
l evels  (Govani ^  1 978) .  Since p r o l a c t i n  secret ion is
co nt ro l l ed  mainly under hypothalamic dopaminergic 
i n h i b i t o r y  control  th is  data impl ies a reduct ion in 
dopaminergic a c t i v i t y  in th is  brain region.  The study of 
Dubas & Hrdina (1978)  c i ted above showing a reduced 
concent ra t ion  of dopamine in the midbrain and hypoLhalamus 
is i n t e r e s t i n g  since th is  same laboratory  in another paper 
quoted an increase in dopamine in these same regions (Dubas 
a^^ 1978) .
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There e x i s t  only two papers from the same group of  
researchers which have quant i t a ted  endogenous leve ls  of  
t y r o s i n e .  Data in these papers ind ica tes  t h a t  lead does not  
a f f e c t  the l ev e l  of th is  amino acid at  l e a s t  in whole brain  
(Schumann, 1 977; Schumann £ t  1977) .
A se r ies  of studies by Meredith and his coworkers have 
i n ve s t i ga te d  the e f f e c t s  of lead on brain noradrena l ine ,  
dopamine and adrenal ine  in ce r t a in  very small d i s c r e te
regions,  f o l l o w i n g  both acute and chronic exposure to the
metal .  Acute exposure consisted of the admin is t ra t ion  of
e i t h e r  5 or 20^mol/kg i n t r a p e r i t o n e a 1ly in rats  fo r  14 days 
while chronic exposure was achieved by supplying a 2mM lead 
aceta te  d r in k in g  so lut ion  fo r  a period of 8 or 25 weeks.  
Fol lowing acute exposure,  noradrenal ine was increased in 
both the a n t e r i o r  and po s te r io r  hypothalamus and adrenal ine  
was increased in the a n t e r i o r  p i t u i t a r y  but only in the  
20^mol/kg group.  A d d i t i o n a l l y ,  there was a s l i g h t  r i s e  in
dopamine in t h i s  same group of animals,  again in the
a n t e r i o r  hypothalamus. No s i g n i f i c a n t  changes in e i t h e r
catecholamine were observed in other  brain regions examined 
- cor tex ,  pons-medulia or hippocampus. In the chronic
study, however,  there  were s i g n i f i c a n t  reduct ions in both
noradrena l ine  and dopamine a f t e r  25 weeks of exposure.  
Afte r  the shor te r  exposure period of 8 weeks, the level  of 
catecholamines was increased but th is  f a i l e d  to reach 
s t a t i s t i c a l  s i g n i f i c a n c e  (Meredi th ,  Petty & Reid,  1979; 
1981; Meredi th et  a l .  1981b).  These studies suggest th a t  
there may be a biphasic response to lead depending on the 
length of exposure and /or  exposure l e v e l .
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The e f f e c t  of  lead on both noradrena l ine  and dopamine 
catabol ism has been in v e s t i g a te d .  Turnover rates have been 
studied by looking at  l ev e ls  of metabol i tes  present in the 
t i ssues  ( f i g u r e  5 . 5 ) .
Concerning noradrena l ine  catabol ism,  S i lbe rge ld  & 
Chisholm (1976)  demonstrated a s i g n i f i c a n t  increase in the  
noradrena l ine  m e ta b o l i t e ,  v a n i 1 lyImande1ic acid (VMA), both 
in the b ra in  ( 48%) and ur ine ( 216%) of mice exposed to 5g 
lead/1 from b i r t h .  Ur inary metabol i tes  most probably are 
derived from,  and hence r e f l e c t  pe r iphera l  catecholamine  
metabol ism,  and t h e r e fo re  both a cen t ra l  and per iphera l  
act ion of  lead is impl icated from t h is  data.  S i lb e r ge ld  & 
Goldberg (1978)  also observed a 15% increase in brain VMA 
which was associated wi th an enhanced MAO a c t i v i t y  (20%),  a 
f e a tu re  which could account for_ the increased metabo l i t e  
l e v e ls .  Taking another approach, Mlchaelson e;t £l_ ( 1974 ) .  
observed an increased ra te  of decl ine  of noradrena l ine  in 
ra t  wholebrain fol lowng oc-methyI tyrosine.  However, al though  
th is  data would ind ic a t e  an enhanced u t i l i z a t i o n  of  
noradrena l ine  as a r e s u l t  of lead exposure,  Schumann et  a 1 
(1977) have f a i l e d  to demonstrate an a l t e r a t i o n  in the ra te  
of no radrena l ine  synthesis from t r i t i a t e d  ty ros ine  in the 
mouse b r a i n .
More data ex is t s  concerning dopamine catabol ism.  In 
mouse f o r e b r a i n ,  a s i g n i f i c a n t  increase of 33% in 
homovanyl l ic acid (HVA) was demonstrated fo l low ing  lead 
exposure i n d i c a t i n g  enhanced dopamine tu rnover .  Concordant  
with t h i s  t i s s u e  r i s e ,  there was also a 2 dda increase in 
the ur ine  ( S i l b e r g e l d  & Chisholm, 1976).  However, fo l low i ng
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l a b e l l e d  ty r o s in e  a d m in is t r a t i o n ,  no change in dopamine 
synthesis was observed in the mouse brain (Schumann et  
1977) or r a t  fo r e b r a i n  (Wince, Donovan & Azzaro,  1980) .  On 
the other  hand, other  studies of dopamine metabolism 
i n d ic a te  t h a t  the metabolism is a l t e r ed  with the d i r e c t i o n  
of change being r e g i o n a l l y  s p e c i f i c .  3 ,4 -d ihydroxyphenyl ­
ace t ic  acid (DOPAC), considered a r e l i a b l e  i n d i r e c t  
i n d i c a t o r  of  the fu n c t io n a l  a b i l i t y  of dopaminergic 
neurones,  was f i r s t  demonstrated to be s i g n i f i c a n t l y  
reduced in the s t r i a tum (20%) of rats  exposed to 2.5g
lead/1 throughout  l i f e  (Govani et  1 978 ) .  Confirming
t h i s  observa t ion  and extending t h e i r  da ta ,  the same 
l ab ora to ry  demonstrated a s i g n i f i c a n t  increase in DOPAC in 
the r a t  nucleus accumbens (20%, 33%) and f r o n t a l  cor tex
(35%, 45%),  wi th no change in the substant ia  n ig ra .  Once
again,  th e r e  was a reduced DOPAC leve l  in the s t r i a tum  
(24%) - Govani ^  ^  (1979;  1980) .  In both these studies
the animals e x h i b i t ed  an increased locomotor a c t i v i t y .  
Support ive data was also obtained in a study by Memo et  £l_ 
(1981) .  In the r a t  DOPAC was diminished by 15% in the
st r i a tum and enhanced by 17% in the nucleus accumbens,  
e f f e c ts  which appeared to be r e v e r s ib le  since they had 
returned to normal 30 days a f t e r  cessat ion of lead 
t r e a t m e n t .
Using a d i f f e r e n t  approach of fo l l ow i ng  the decl ine  in
DOPAC a f t e r  o r -m eth y I t y r os in e  a d m in is t r a t i o n ,  data is
obtained which is cons is ten t  with the prev iously  discussed 
resul ts  and wi th an increased dopamine tu rnover .  A 
reduction in DOPAC dec l ine  fo l lowing  K -meth y I t y r os in e
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a d m in is t r a t io n  was observed in the s t r ia tum (Govani et  
1978; 1979; 1980) ,  whi le  an enhancement was seen in the
nucleus accumbens and f r o n t a l  cor tex  (Govani e t  1979;
Memo e t  1981) .  Again in the s t r i a tu m ,  Jason & Kel log
(1977)  observed a reduct ion in dopamine turnover  (35%)
fo l l o w i n g  lead exposure which was based on a decl ine  in 
dopamine l e v e l s  a f t e r  ©c-methyI tyrosine t rea tment .
Although the above c i ted  studies were performed in 
e i t h e r  the mouse or r a t ,  a study of ch i ld ren  provides data
which is g e n e r a l l y  in agreement with these animal s tu d ie s .
S i m i l a r l y  to the data in the mouse, where S i lb e rg e l d  & 
Chisholm (1976)  observed an increase in VMA and HVA in the  
brain and u r i n e ,  the same authors noted these metabol i tes  
to be also increased in the ur ine of ch i ld ren  who were 
s i g n i f i c a n t l y  exposed to lead; t h a t  is they had blood lead 
l evels ,  in the range 2 . 8 - 3 . 3pM (59-68yjg/100ml ) .  The data  
would thus im p l ic a te  increased per ip he ra l  catabol ism of  
catecholamines in these exposed c h i l d r e n .  Since the  
regiona l  a l t e r a t i o n s  being probably opposi te in nature  
would poss ib ly  be ca nce l l ing  each other  ou t ,  caut ion must 
be taken when i n t e r p r e t i n g  turnover  studies in which an 
enzyme of  the catecholamine synthet ic  pathway, o f ten  
t y ros ine  hydroxy lase,  is in h ib i te d  since the accumulation 
of in te rmedia tes  is measured, as i f  lead were to a l t e r  the 
a c t i v i t y  of a syn th e t i c  enzyme then a change ma  ^ not be 
i d e n t i f i e d  by these s tudies .
Most s tudies  i n v e s t ig a t in g  the uptake and re lease of 
catecholamines cent re on the high a f f i n i t y  uptake of  
dopamine by synaptosomes. A s ingle  paper has reported data
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on noradrena l ine  uptake.  S i lbe rge ld  & Goldberg (1975)  
observed no a l t e r a t i o n  in high a f f i n i t y  noradrenal ine  
uptake by mouse fo r e b r a i n  synaptosomes. The same authors  
also observed a s i g n i f i c a n t  reduct ion on dopamine uptake 
(19%) fo l l o w i n g  in vivo exposure and, in a d d i t io n ,  a 15% 
enhancement in uptake of t y ro s in e .  Other groups performing  
s i m i l a r  uptake studies fo l low ing  in vivo lead exposure,  
f a i l e d  to e x h i b i t  a l t e r a t i o n s  in dopamine uptake in r a t  
fo re b r a in  s l i c e s  (Wince e t  a^, 1980) ,  s t r i a t a l  synaptosomes 
(Ramsay e^ t £2.» 1980 ) or s t r i a t a l  minces (Jason & Kellog' ,
1982) .  One group even observed enhanced dopamine uptake 
i nto r a t  synaptosomes (Wince & Azarro,  1978) .  The repor t  of  
enhanced ty ro s in e  uptake quoted above (S i l b e r g e ld  & 
Goldberg,  1975) is consis tent  with an increase in dopamine 
turnover  in the same bra in  regions.
S i m i l a r l y  to dopamine uptake s tudies ,  data r e l a t i n g  to 
dopamine re lease  is also c o n f l i c t i n g .  Fol lowing a load of  
t r i t i a t e d  dopamine, Wince and co-workers (1980)  observed a 
12-30% f a l l  in potassium st imulated re lease from brain  
s l i c e s ,  data in c o n f l i c t  with resu l ts  from Jason & Kel log  
(1981)  who observed no e f f e c t s  on potassium st imulated  
release from s t r i a t a l  minces. Kent ^  aj_ (1984)  measured 
the noradrena l ine  re lease from the cor tex ,  hippocampus, the 
release of  dopamine from the s t r i a tum,  substant ia  n i g r a ,  
and the re lease of both t r an sm i t t e r s  from the nucleus-o-  
tuberc le  and hypothalamus. No d i f f e r e n c e  was observed 
between the spontaneous, potassium-st imulated or  
amphetamine-st imulated release of catecholamines from 
t issues of  lead t r ea te d  compared to control  r a t s .  The
ad d i t ion  of  lead in v i t r o  resu l ted  in a concentrat ion  
dependant diminished high a f f i n i t y  dopamine uptake in ra t  
s t r i a t a l  synaptosomes ( S i l b e r g e l d ,  1977) ,  an observat ion  
not confi rmed by e i t h e r  Bondy et  £l_ ( 1979 ) in mouse
wholebrain synaptosomes or by Ramsay ejt £]_ ( 1980) using
s t r i a t a l  synaptosomes. The same p i c tu re  is seen when 
looking at  dopamine re lease  fo l low ing  in v i t r o  exposure to 
lead.  While S i l be rg e l d  (1977)  and Komulainin & Tuomisto 
(1981)  reported no e f f e c t ,  two papers reported st imulated  
release (Bondy et_ 1979a/b; Ramsay £ t  1980) .
Data r e l a t i n g  to the a c t i v i t y  of  in d i v i d ua l  enzymes of  
the b i o s y n th e t i c  pathway is r e l a t i v e l y  sparse.  Although 
evidence of  Wince & Azarro (1978)  and Wince, Donovan & 
Azzaro (1976)  suggests t h a t  t y ro s ine  hydoxylase a c t i v i t y  is 
st imulated as a r e s u l t  of  lead exposure,  a study by Deskin,  
Bursian & Edens (1980)  suggests t h i s  enzyme is unal tered in 
two s p e c i f i c  brain  regions at  l eas t  -  s t r i a tum and 
hypothalamus. Yet another se r ies  of  s t ud i e s  by Meredi th and 
col leagues (Meredi th £ t  1979; 1981a /b )  have
demonstrated a lead- induced f a l l  in t y ro s i ne  hydroxylase  
a c t i v i t y  both fo l lo w i ng  acute exposure of ra ts  (5 or 
20^mol/kg i . p .  f o r  14 days) and chronic exposure (2mM f o r  8 
or 26 weeks) in the hypothalamus. No a l t e r a t i o n s  were noted 
in other  regions;  c o r t ex ,  pons-medulia or hippocampus.
In v i t r o  experiments have shown a progressive  
i r reversible  i n h i b i t i o n  of  pheny ie thanol  amine-N-methy 1 
t ran s fe rase  (PNMT) by lead (Caspers,  1982) ,  an e f f e c t  which 
the author suggests is due to an act ion of lead on 
sulphydry] groups on the enzyme. Studies involv ing  in vivo
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lead exposure have not however demonstrated an a l t e r a t i o n  
to the a c t i v i t y  of t h i s  enzyme (Meredi th et  1979 ;
1981) .
F i n a l l y ,  the p o s s i b i l i t y  of  an a l t e r a t i o n  in receptor
populat ions must be considered,  and in t h is  respect  only
the dopamine receptor  has been studied ex te n s iv e ly .  The
dopamine D receptor  which is l inked to adenylate cyclase  
1
can be assessed fo r  fu nc t ion a l  a b i l i t y  using dopamine 
s t im u la t i o n .  Reports in d ica te  e i t h e r  no change in dopamine 
st imulated a c t i v i t y  in r a t  s t r i a tum and accumbens (Govani  
et  aj^, 1979; Lucci et  1981) ,  or a l t e r n a t i v e l y .  Wince et  
al (1980)  reported a s i g n i f i c a n t  lead- induced reduct ion in 
cyclase a c t i v i t y  and a marked i n h i b i t i o n  of apomorphine-  
induced s t i m u l a t i o n .  These workers employed r a t  fo r e b r a in  
synaptosomes as t i s s u e .  Concerning the dopamine D
2
recep tor ,  c o n f l i c t i n g  resu l ts  emerge depending on the
3
l igand se lected f o r  b inding.  While H -s p i roper ido l  binding
is not a l t e r e d  (Govani ^  1979; Lucci £ t  1981) in
rat  s t ra i tu m  and accumbens fo l lo w i ng  neonatal  lead
exposure,  increased s t r i a t a l  binding and decreased binding
3
in the nucleus accumbens was reported when H - s u l p i r i d e ,
which is reputed to be more s p e c i f i c  f o r  the D re ce p to r ,
2
was employed (Lucci  £ t  £j_, 1981) .
These f in d i n gs  concerning the dopamine D receptor  are
2
in the opposi te d i r e c t i o n  to a l t e r a t i o n s  of DOPAC leve ls  
(Govani et_ 1978; 1979 ) and are thus in agreement; th a t
is increased dopamine synthesis as a r e s u l t  of  a decrease  
in receptor  s e n s i t i v i t y  and vice versa.
Many reports  have demonstrated a lead- induced block in 
post -synapt ic  adenylate cyclase a c t i v i t y  associated with  
both the noradrena l ine  and adrenal ine  recep tor ,  at  
r e l a t i v e l y  low lead l e v e ls  (Nathanson & Bloom, 1975; Wince 
et 1 976 ; Taylor  ejt 1978) ,  al though another group
have f a i l e d  to conf i rm t h i s  e f f e c t  (Wi l l iams £ t  £l_» 1977) .
However, i t  is d i f f i c u l t  to r e l a t e  these in v i t r o  
e f f e c t s  on enzymatic a c t i v i t y  to the e f f e c t s  of lead on the  
i n ta c t  nervous system. The data in th is  chapter  of  my 
thes is  w i l l  be of an in vivo nature whereby var ious
parameters of catecholamine metabolism w i l l  be inves t iga ted  
in r a t  bra in  f o l lo w in g  exposure of the animals to lead in 
dr ink ing water .
5.2 Methodology
Within t h i s  chapter  the data obtained in several  
experiments w i l l  be reported.  P r i n c i p a l l y  the exper imental  
procedures can be segregated into those studies in which 
the male Sprague-Dawley rats  were exposed to lead" f o r  a 
va r iab le  per iod of t ime a f t e r  they were weaned, and
secondly,  experiments where exposure was in u tero ,  p re ­
weaning and post -weaning.
5 .2 .1  Methods ^  exposure post-weaning
Male Sprague-Dawley rats  were exposed to a lead aceta te
dr inking f l u i d  fo r  a period of 1,3 or 7 months post-
weaning; a control  group rece iv ing d i s t i l l e d  water .  
Laboratory r a t  chow and f l u i d  were suppl ied ad. l i b i t u m .  
Those r a t  groups exposed to lead fo r  e i t h e r  1 or 3 months 
were suppl ied wi th the metal at  a concent ra t ion  of IZomM 
(25 mg/1) or 4*0uM (100 mg/1) ,  wh i l s t  the l eve l  of exposure
2 2 3
was 48|jM (10 mg/1) or 48C^M (100 mg/1) in the longer
exposure group of  dura t ion  7 months. At the end of the  
a p p r o p r ia t e ,p e r io d  of  exposure,  the animals were k i l l e d  by 
d e c a p i t a t i o n .  A sample of  blood was obtained f o r  lead 
es t i m a t i o n ,  as was the femur.  The brains were removed and 
dissected as descr ibed under the general  methodology 
sect ion in p repara t ion  f o r  the est imat ion of  
catecholamines,  t y ro s i n e  hydroxylase a c t i v i t y  and 
phenyIethanolamine-N-methy1 t r ans fe rase  (PNMT) a c t i v i t y  in 
each d i s t i n c t  bra in  region.  The assays employed to measure 
these parameters and t i s su e  prote in  concentrat ion are also  
de ta i l e d  in the methodology chapter  2.
5 .2 .2  Exposure i n utero , pre-  and post-weaning
Female Sprague-Dawiey rats were suppl ied with lead 
acetate  d r in k i ng  f l u i d  or d i s t i l l e d  water f o r  a period of 4 
weeks p r i o r  to being mated with non-lead exposed male r a t s .  
When born,  the young were exposed to lead via the dams' 
milk ,  and when weaned, exposure continued again via the  
dr inking f l u i d  f o r  a f u r t h e r  period of 1 month. At the end 
of th is  pe r io d ,  the animals were s a c r i f i c e d  and t rea ted  as 
described above. The level  of lead exposure employed in 
these exper iments was 4S0jjM (100 mg/1) and 193CyiM (400 
mg/1).
5.3 Results
5.3.1 In f lu en ce  ojf lead exposure on r a t  weight
As an index of  whether exposure of the rats to lead is 
resu l t ing in a reduced growth r a t e ,  the animals were 
weighed before being s a c r i f i c e d .  Table b .1 shows uhe 
weights of the animals exposed to lead f o r  1, 3 and 7
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months post-weaning and the group of animals exposed both 
pre-  and post -  weaning. At the 5% s ig n i f i c an ce  l eve l  only 2 
lead groups ex h i b i t e d  a s i g n i f i c a n t  reduct ion in weight  
gain by comparison wi th non-exposed animals.  The animals  
exposed to 120^M lead f o r  1 month post-weaning were 
s i g n i f i c a n t l y  l i g h t e r  than t h e i r  non-exposed co n t r o l s .  
Although the mean weight of the rats  exposed to the higher  
lead dose (480^M) was less than the control  group, t h i s  
d i f f e r e n c e  was not s i g n i f i c a n t .  Exposure to a r e l a t i v e l y  
high dose of lead,  M both in utero and pre-and post -
weaning, re su l ted  in a s i g n i f i c a n t  r e duc t i on  in weight gain  
of these animals ( p < 0 . 0 2 ) .  A lower dose of 480jjM did not  
however e f f e c t  weight ga in.
5 . 3 . 2  Lead concent rat ions in blood , brain and bone.
The r e s u l t a n t  blood lead concentrat ions as a consequence 
of exposure to lead aceta te  dr ink ing f l u i d  f o r  varying  
lengths of exposure and dose regimes are shown in t a b l e  
5 .2 .  The animals exposed to lead ex h ib i ted  a s i g n i f i c a n t l y  
elevated l eve l  of  blood lead than t h e i r  non-exposed control  
group a f t e r  a l l  lengths of exposure.  In addi t ion  i t  should 
be noted t h a t  the e l e v a t i o n  in blood lead concentrat ion was 
dose r e l a t e d  al though the r e la t io n s h ip  was not of a l i n e a r  
f ashion.  This data confirms that  the animals are indeed 
absorbing s i g n i f i c a n t  q u a n t i t i e s  of lead.
The l ev e l s  of the metal which had accumulated in the  
various brain  regions under study was also measured and the  
data is presented in tab les  5.3 to 5 .5 .  Exposure to lead at  
a dose of e i t h e r  120 or 480jjM f o r  a r e l a t i v e l y  short  period  
of 1 month post-weaning was s u f f i c i e n t  to r es u i t  in an
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accumulation of the metal  w i th in  a l l  brain  regions s tudied,  
cerebel lum,  midbra in ,  diencephalon and te lencephalon.  Only 
wi th in  the cerebel lum at  the lower dose l eve l  was the metal  
not s i g n i f i c a n t l y  e levated above contro l  l e v e l s .  In 
a d d i t io n ,  increas ing the level  of exposure resu l ted  in a 
f u r t h e r  accumulat ion in each brain region.  The data also  
i ndica tes  t h a t  there  does not appear to be a s e l e c t i v e  
uptake of  lead by a s p ec i f i c  brain region.  However,  
extending the period of post-weaning lead exposure does not  
cause an enhanced t i s su e  accumulation of the metal .
Ne i ther  dose of lead (48 or 4 8 ^ M )  in the 7 month 
exposure group caused an increase of lead to occur in the 
bra in .  Those animals exposed to lead in utero showed
s i g n i f i c a n t l y  e leva ted  l eve ls  of lead in the cerebel lum,  
midbrain or diencephalon but not in the te lencephalon.  
Levels of  lead in a l l  brain regions were higher  in the  
lower lead group than in controls  but t h i s  d i f f e r e n c e  was 
not s i g n i f i c a n t  at  the 5% l e v e l .
The concent ra t ion  of lead in the femur of the ra ts  was
measured as an es t imat ion of the quan t i t y  of  lead the
animals accumulated over the various exposure per iods.  The
resul ts  are tabu l a ted  in tab le  5 .6 .  A i l  groups of lead
exposed animals i r r e s p e c t i v e  of exposure t ime or degree of
exposure e x h ib i t e d  a s i g n i f i c a n t l y  e levated concentrat ion
of lead in the femur by comparison with non-exposed r a t s ,
although the degree of e leva t ion  was not l i n e a r l y  re la t e d
to water lead i n t a k e .It is noteworthy that there is a fall in 
brain lead between 3 & 7 months exposure (tables 5*3 & 5*4). 
No explanation can be put forward for this observation except 
that it may be related to a variable lead burden resulting 
from rat chow or be related to the complex movement of lead 
between body compartments*
- " ^ ^  Brain catec ho lamine concent rat ions.
The catecholamines ,  noradrenal ine and dopamine were
measured in 4 brain regions,  cerebel lum,  midbra in ,  
diencephalon and te lencephalon in the rats  exposed to lead 
acetate  or d i s t i l l e d  water fo r  1, 3 or 7 months post
weaning or 1 month post weaning a f t e r  ad d i t i on a l  exposure 
pre-weaning and in u tero.  The concentrat ions of  
noradrena l ine  are shown in tables  5.7  to 5.10 and ta b les  
5.11 to 5 .14  presents s i m i l a r  data f o r  dopamine.
F i r s t l y ,  consider ing the noradrenal ine data.  Tables 5 .7  
to 5 .10  i l l u s t r a t e  the complex r esu l ts  noted with regard to 
the concent ra t ion  of t h i s  catecholamine fo l low ing  lead
exposure f o r  the varying periods of t ime.  There is however,  
a concensus from the various experiments t h a t  the
te lencephalon does not e x h i b i t  changes in noradrena l ine  
concent rat ion  under any condi t ion employed in these
exper iments.  A l t e r a t i o n s  in noradrenal ine  l eve ls  are
mani fest  most f r e q u e n t l y  in the midbrain and diencephalon.  
Fol lowing 3 months lead exposure to both 120 and 480^M 
lead,  the r e  is a s i g n i f i c a n t  e le va t io n  in noradrena l ine  
concent rat ion  in the diencephalon,  w h i ls t  the same
parameter was decreased in the midbrain but only in the  
higher exposure group. Extending the period of exposure to 
7 months once more r esu l ts  in s i g n i f i c a n t  changes being 
noted in the same two brain regions,  but in t h i s  case there
is a s i g n i f i c a n t  reduct ion in noradrena l ine  In the
diencephalon fo l lo w i ng  exposure to 4S0jjM lead when the 
resu l ts  are expressed with respect to p r o t e i n .  Although uhc 
much lower dose of 4&^M resul ted in a reduct ion in
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noradrena l ine  t h i s  f a i l e d  to reach s t a t i s t i c a l  s i g n i f i c a n c e  
at  the 5% l e v e l .  I t  is unclear  as to the in f luence of lead 
on noradrena l ine  in the midbrain with a suggestion of an 
enhanced concent rat ion  in the lower dose and a diminut ion  
in the higher  dose group.  In cont ras t  to .the longer  
exposure groups of 3 and 7 months, the group exposed f o r  1 
month in addi t ion  to in u te ro ,  showed no a l t e r a t i o n  in
noradrena l ine  in these 2 brain regions.  However, a
s i g n i f i c a n t l y  reduced noradrena l ine  concentrat ion was noted 
in the cerebel lum but only in the low dose group.
Turning now to dopamine concentrat ions ( tab les  5.11 to 
5 . 1 4 ) .  The data obtained from those animals exposed to lead 
f o r  3 or 7 months indica tes  a reduct ion in dopamine
concent rat ion  in the midbra in.  Indeed, observing the
r esu l ts  as a whole,  i t  is ev ident  th a t  where dopamine 
concentrat ions  are a l t e r e d  the d i r e c t i o n  of change is 
always a lead associated reduct ion.  The lower dose exposure 
l evel  of  48^M fo r  7 months resu l ted  in s i g n i f i c a n t l y
decreased dopamine in the diencephalon and cerebel lum.  
Reductions were also noted in t h i s  same brain region in 
those animals exposed in u tero.  S i m i l a r l y  to the data 
obtained f o r  no ra drena l ine ,  there was no s i g n i f i c a n t  
a l t e r a t i o n  in dopamine in the te lencephalon.
5 .3 .4  E f f e c t  of lead o£ ty ro s ine  hydroxylase a c t i v i t y
Tyrosine hydroxylase a c t i v i t y  was measured fo l lo w i ng  
lead exposure in the 4 regions of brain and the resu l ts  can 
be seen in ta b l es  5.15 to 5 .1 8 .  Exposure in the experiments
was f o r  a per iod of 1 month ( t a b le  5 . 1 5 ) ,  â months ( t a b l e
5.16)  or 7 months post weaning ( ta b l e  o . ' 7 ) ,  or both pre-
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and post -  weaning ( t a b l e  5 . 1 8 ) .  S i m i l a r l y  to the other  3 
parameters,  the most lead r e l a t ed  changes in ty ro s i n e  
hydroxylase a c t i v i t y  are in the midbrajn and diencephalon.  
No s i g n i f i c a n t  a l t e r a t i o n s  were observed in the
te lenc epha lo n .  Where the cerebel lum is concerned, there  is  
a suggest ion of  a lead r e la te d  increase in a c t i v i t y  under 
c e r t a i n  cond i t ions  of exposure.  The group exposed to 480^M 
lead both in utero and post-weaning showed an e levated TH 
a c t i v i t y  in the cerebel lum compared to non-exposed animals  
but only when the data was expressed per uni t  of p ro t e in  
did the r i s e  reach s ig n i f i c a n c e .  Within the d iencepna Ion , 
lead would appear to cause a reduct ion in TH a c t i v i t y ;  
however not a l l  groups of exposed animals exh ib i ted  t h i s  
i n h i b i t i o n .  Exposure f o r  a longer period of 7 months
resu l ted  in a s i g n i f i c a n t  diminut ion in enzymatic a c t i v i t y  
in the midbrain when the animals were exposed to 48^M lead.  
No other  region showed s i g n i f i c a n t l y  a l t e r e d  a c t i v i t y .
5 . 3 . 5  E f f e c t  of  lead on PNMT a c t i v i t y .  ~
The in f lu e nc e  of lead exposure on the a c t i v i t y  of  PNMT 
in the ce rebe l lum,  midbra in,  diencephalon and te lencephalon  
is shown in ta b les  5.19 to 5 .22 .  The exposure in these  
experiments was fo r  a period of 1 month ( t a b le  5 . 1 9 ) ,  3
months ( t a b l e  5 .2 0 )  or 7 months ( t a b le  5 .21 )  post weaning 
or both p r e -  and post -  weaning ( t ab le  5 . 2 2 ) .  S i m i l a r l y  to 
the data obtained in the previous two sect ions ,  the e f f e c t
of lead on the a c t i v i t y  of PNMT in th is  ser ies  of
experiments is dependant on the dose and durat ion of  
exposure and on the s p ec i f i c  brain region under  
examinat ion.  Fol lowing a l l  l evels  of exposure fo r  a per iod
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between 1 and 7 months, there  is no s i g n i f i c a n t  a l t e r a t i o n  
in PNMT a c t i v i t y  in the te lencephalon.  Where the other  
th ree  regions are concerned however, a complex p i c tu r e  
emerges. A f t e r  3 months lead exposure,  s i g n i f i c a n t  
e le va t io n s  in a c t i v i t y  are noted in the high dase group bV*. 
comparison wi th cont rol  animals but th is  r i s e  is only oF 
s i g n i f l c a n c e  when the data are expressed per un i t  of
t i s s u e .  There is also a suggestion th a t  there  is a 
reduct ion in enzymatic a c t i v i t y  in the cerebel lum,  but t h i s  
is only in the lower dose group. In cont ras t  to t h i s
observed enhanced a c t i v i t y  in the midbra in,  f o l lo w in g  
exposure to 480^M lead,  extending the t ime to 7 months
r e s u l t s  in a s i g n i f i c a n t  depression in PNMT a c t i v i t y  when
the data is expressed per un i t  of t i ssue  and p r o t e in .  A 
lead r e la t e d  reduct ion in a c t i v i t y  is also noted in the  
diencephalon.
Exposing the ra ts  to lead f o r  a r e l a t i v e l y  b r i e f  per iod  
of only 1 month post-weaning or indeed ad d i t io n a l  in utero  
exposure,  did not r e s u l t  in any s i g n i f i c a n t  a l t e r a t i o n s ,
\ e i t h e r  enhancement or reduct ion in a c t i v i t y ,  in any of  the
4 regions s tudied.  However, there  were n o n - s i g n i f i c a n t  
trends noted which were s im i l a r  to the s i g n i f i c a n t  changes 
j u s t  descr ibed.  1 month exposure post-weaning resu l ted  in a 
tendency f o r  PNMT a c t i v i t y  to be reduced in the cerebel lum,  
and enhanced in both the midbrain and the diencephalon;  
once more no d i f f e r e n c e s  between the groups were noted in 
the te lencepha lon .  No obvious pa t tern of change was c l e a r  
from the study where the rats were exposed both pre-  and 
post-weaning.
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5 . 3 . 6  E f f e c t  of  lead on r a t  development
In an at tempt  to assess whether the lead exposure l eve ls  
employed in these experiments was r e s u l t in g  in a reduced 
gross bra in  development,  the weight of  each brain region  
was noted.  Table 5.23 shows t h i s  in format ion f o r  each brain  
region fo l lo w i ng  3 months exposure to 120^M and 48(^M lead 
and compares these brain  weights to those noted in non- 
exposed animals.  The data ind ica tes  no reduct ion in brain  
growth as a r e s u l t  of lead exposure f o r  3 months. S imi la r  
data extending the exposure period to 7 months is shown in 
t a b l e  5 .2 4 .  Again no reduct ion in brain weight fo l lo w i ng  
both 4 ^ M  and a higher  dose of 480^M was observed.
Pro te in  content  r e l a t i v e  to t i ssue  weight was also  
ca lc u la te d  f o r  each region and exposure group and the  
re s u l t s  can be seen in t a b le s  5.25 - 5 .2 7 .  The data
r e l a t i n g  to 1 & 3 months post-weaning exposure is shown in 
t a b le  5 .2 5 .  Exposure to 120^M and 480^M lead aceta te  did  
not r e s u l t  in a reduced pro te in  co nt e n t -o f  the brain in 
any region s tudied.  S i m i l a r l y ,  no s i g n i f i c a n t  d i f f e r en ce s  
were noted when the exposure period was extended to 7 
months ( t a b l e  5 . 2 6 )  or when the rats  were exposed to lead 
in utero in add i t ion  to 1 month post-weaning ( t ab le  5 . 2 7 ) .
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Tab le  5 . 1  Rat  w e i g h t s
-  Weight of  ra ts  p r i o r  to being s a c r i f i c e d  in the  
various exposure groups. The r es u l ts  are expressed as the  
mean + S.D. wi th the number in each group being . tabulated.
group weight of r a t  (g)
c o n t r o 1 
No. Wt.
120 uM Pb 
No. /  Wt.
480 I 
No. /
[jM Pb 
Wt.
1 Month 
post-weaning
24 150+39
+
21 122+24 22 136+25
3 Months 
post-weaning
23 298+27 19 308+34 20 298+26
Control  
No. Wt.
48 uM Pb 
No.y Wt.
480 1 
No. ;
jM Pb 
Wt.
7 Months 
post-weani  ng
37 416+62 18 419+64 20 443+27
- Control  
No. Wt.
480 uM Pb 
No. 7 Wt.
1930
No.
uM Pb
1 Month 
post-wean i ng 
+ exposure 
in utero & 
pre-wean i ng
12 145+14 18 142+33 18
4
118+28
+ p < 0.01 compared to the
+ + p < 0.02 control  group
++
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Ta b l e  5 . 2  Blood l ea d  c o n c e n t r a t i o n s  in r a t s
Concentrat ion of  lead in the blood of ra ts  exposed to 
lead compared to non-exposed animals.  The r es u l ts  are 
expressed as the mean + S.D. of  at l eas t  6 animals in each 
group.
group blood lead (uM)
contro l  Pb 480j jM Pb
1 month 0 .19+0 .17  0 .30+0.09  0 .55+0.25
post-weaning
++ ++ * *  
3 months 0 .1 2+0 .04  0 .44+0.09  0 .76+0.15
post-weaning
_ contro l  48 j jM  Pb control  480j j M Pb
++ ++
7 month 0 .19+ 0 .04  0 .46+0.15  0 .20+0 .07  0 .96+0 .38
post-weaning
cont ro l  4 8 0 Pb 1930j j M Pb
@ ++
pre-  & post -  0 .22+0.06  0.80j -0.  18 0 .95+0.34
weaning
+ p<0.02 compared to
++ p<o.002 the control
0 p<0.005 group
* p<0.05 compared to the 120uM
' * *  p<0.002 lead group ^
^  Mann U ksh
Table 5 .3  Tissue lead concentrat ions in rats
2  1  and 2  months lead exposure
Concentrat ion of lead in brain regions of rats  exposed 
to lead compared to non-exposed r a t s .  Results are expressed 
as the mean + S.D. of 6 observat ions.
group t is s u e  lead (nmoles/ml homogenate) 
cont rol  120 yjM Pb 480 yjM Pb
1 month 
post-wean i ng
cerebe11 urn
midbrain
diencephalon
te lencephalon
0 .21+0 .15  
0 .10+0 .02  
0 .14+0 .03  
0 .15+0.03
0 .25+0.05
+
0 .24=0 .07
+
0.26+0 .06
++
0.25+0 .12
0 .58+0.12
+ *
0 .50+0 .08
+ *
0 .58+0.09  
0 .55+0 .10
3 months
-
post-weaning
cerebe11um 0.27+0 .10 0.37+0.11 - 0 .54+0.10
midbrain 0 .18+0.08 0.24+0.11 0 .26+0 .13
diencephalon 0 .21+0 .13 0.26+0.08 0.54+0 .35
te lencephalon 0 .30+0 .07 0 .34+0.06 0 .88+0 .27
+ P < 0.005 compared to
++ P < 0.01 control  group
★ P < 0.005 compared to* * P < 0.01 220 uM group
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Table 5 .4  Tissue lead concentrat ions in rats
2  2  months lead exposure
Concentrat ion of  lead in brain regions of ra ts  exposed
to lead compared to non-exposed cont ro ls  r a t s .  .Results are
expressed as mean + S.D. of  6 animals in each group.
group t i ss ue  lead 
control  .
(nmoles/ml homogenate) 
48 j iM  Pb
7 month 
pOst-weaning
c e r e b e l 1um 0.11+0 .04 0 .14+0.10
midbra i n 0 .11+0.09 0.21+0.12
diencephalon 0.12+0 .08 0.18+0.06
te lencephalon 0.15+0.11 0.14+0 .06
-
.
• control 48D j j M  Pb
7 month
post-weaning
cerebel lum 0.28+0.15 0 .22+0.06
midbrain 0.24+0.10 0 .25+0.07
diencephalon 0 .23+0 .13 0 .24+0 .09
te lencephalon 0 .19+0.09 0 .17+0 .08
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Ta b l e  5^  T i s s u e  l e ad  c o n c e n t r a t i o n s  Ln r a t s
2  p r e - w e a n i n g  exp osu r e
Concentrat ion of lead in bra in regions of ra ts  exposed 
to lead in u t e r o ,  during the pre-weaning phase and 1 month 
post-weaning.  Results are expressed as mean + S.D. of  6 
o b se r va t io ns .
group t is su e  lead (nmoles/ml homogenate) 
control  480j j M Pb 1 930^M Pb
pre-  2  pos t ­
wean i ng 
exposure
cerebel  1um
midbrain
diencephalon
te lencephalon
0 .70+0 .15  
0 .75+0 .08  
0 .62+0.08  
0 .66+0 .04
0.77+0 .13  
0 .81+0.12  
0 .68+0.05  
0 .70+0 .12
0.88+0 .06  
0 .94+0.07  
0 .85+0 .06  
0.74+0.11
++
+ + ■
+ p < 0.01
++ p < 0.005
*  p < 0.01
compared to 
control  group
compared to 480uM groupr
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Ta b l e  5 . 6  Bone l e a d  c o n c e n t r a t i o n s  _i_n r a t s
Concentrat ion of  lead in the femur of  ra ts  exposed to 
lead compared to non-exposed animals.  The r es u l ts  are 
expressed as the mean + S.D. of 6 observat ions.
group bone lead (umol/kg dry bone w t . )
cont ro l  120 Pb 480j j M Pb
+ ++*
1 month 24+12 69+17 187+36
post-wean i ng
+ + + + *
3 months 12+6 92+21 216+38
post-weaning
contro l  48 j jM Pb control  480^M Pb
+ ++
7 month 8+4 56+14 9+4 229+36
post-weaning
contro l  480^M Pb 1930j j M Pb
++  + + * *
pre-  & post -  10_+5 1 96+35 480+60
weaning ~
+ p < 0.05 compared to control
++ p < 0.001 group
* p < 0.01 compared with lower dose
* *  p < 0.001 lead group
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Table 5 .9  TIssue noradrena1i ne 1n r a t  brain
2  1_ month lead exposure post-weaning
Rats exposed to 48 and 480 jjM lead f o r  7 months post-  
weaning. The r e s u l t s  are expressed as the mean + S.D. of 6 
o b se rv a t io ns .
Brain region noradrenal ine concentrat ion
(nmoles/g t i s s u e )  
control  48 | jM Pb control  48 0^ M Pb
cerebel lum 4 .17+0 .58  3 .85+0.50 2.96+0.41 2 .72+0 .20
++
midbrain 4 .32+0 .50  6 .09+1.55  6 .92+1.08  5 .00+1 .18
diencephalon 7.87+2.01 6 .26+1.12  9 .92+1.62  8 .62+1.31
te lencephalon 5 .18+2.22  4 .79+1.57  4 .66+0.50  3 .93+0 .32
(pmoles/mg pr o t e i n )  
control  48 j jM Pb control  480~^M Pb
cerebel lum .41+6 35f^3 45+6 33j^4
midbrain 73+11 88+21 63+7 64+16
diencephalon 177+29 144+22 106+27 54+10
telencephalon 76+8 67+5 57+23 54j+18
+ p < 0.05 compared to 
++ p < 0.02 control  group
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Table 5 ,13  T issue dopamine l eve ls  in r a t  brain
2  2  month lead exposure post-weaning
Rats exposed to 48 and 480 yiM lead f o r  7 months post -  
weaning. The r e s u l t s  are expressed as the mean + S.D. of  6 
observa t ions .
Brain region dopamine concentrat ion
(nmoles/g t i s s u e )  
cont rol  48j j M Pb control  4 8 0 Pb
+
cerebel lum 2 .65+0 .20  1.68+0.43 1.47+0.79 1.99+0.85
midbrain 1 .57+0.45 1.53+0.13 1.96+0.26 1 .30+0.44
diencephalon 8 .4 4+1 .77  6 .45+2.19  13 .6+5.5 12 .5+3.4
te lencephalon 5 .89+0 .68  5 .87+0.53  9 .52+1.03  8 .17+1 .10
(pmoles/mg p r o t e in )  " 
control  48j j M Pb cont rol  480j j M  Pb
+
cerebel lum " 28+2 - 14+4 20jf1 26 + 11
midbrain 23 + 6 16+2 , 21 j 3^ /  23+8
++
diencephalon 113+24 55+19 243+98 . 208+56
te lencephalon 66+8 65+6 156_+17 139+19
+ p < 0.01 compared to control  group
++ p < 0 . 0 2
@ p < 0 . 0 5
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Table 5 .17  Act 1v i t y  of tyros i ne hydroxy lase in ra t  bra i n
2  1_ months lead exposure post weaning
A c t i v i t é s  expressed as the mean + S.D. of  6 observat ions  
a f t e r  exposure to 48 jjM or 480 jjM lead f o r  7 months post -  
weaning .
Brain region ty ro s in e  hydroxylase a c t i v i t y
(pmoles/mg t i s s u e / h r . )  
cont rol  48 yjM Pb
cerebel lum 20 .8+5 .5 20 .7+1.7
midbrain 86+20 76+20
diencephalon 101+25 117+30
Telencephalon 76+20 93 + 13
- _(nmoles/mg 
control
p r o t e i n / h r . )
48 juM Pb - . ■
c e r e b e l 1um 0.21+0 .03  - ' - 0 .21+0 .09
midbrain 1.49+0.23 0 .85+0 .20
diencephalon 1.29+0.38 1.03+0.39 . _ /
t e lencephalon 0.93+0 .35 1.00+0.23
+ p < 0.01 compared to control  group
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Table 5.21 A c t i v i t y  of  phenyl ethanol  amine N-methyl -
t r an s fe ra s e  ( PNMT) in r a t  brain -7 months 
lead exposure.
A c t i v i t i e s  expressed as mean + S.D. a f t e r  exposure to 48
uM or 480 uM
r /
lead f o r  7 months. Each group comprises 6
observât  ions.
Brain region P N M T a c t i V i t  y
( fmo 1 es /mg t i s s u e / h r ) (pmoles/mg prote i n / h r )
Contro1 48 Pb Contro1 48 Pb
cerebe11um 66 + 14 68+J8 0 .52+0.12 0 .54+0.10
midbrain 168+26 173+38 1.56+0.45 1.39+0.17
diencephalon 246+48 -254+44 2 .66+0 .74 2 .08+0.55
te lencephalon 88 + 17 99 + 17 0.74+^L22 0.86+0 .17
c o n t r o 1 480 jjM Pb c o nt ro 1 480 uM Pb
c e r e b e l 1um 157+30' 1/6+5 6 1.30+0.39 1.39+0.40
+ ++
midbra i n 472+44 269+54 3.59+0.41 2.64+0.43
-  0 ++-
diencephalon 414+97 250+24 3.74+0.86 2 .23+0.32
te lencephalon 222+43 180+28 1,80+0.78 1 .70+0 .40
+ p < 0.005
++ p < 0.02
+++ p < 0,01
0 p < 0.002
compared to 
control  group
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Tab 1e 5.23 Bra i n weights ^ ^  month lead exposure
Weight of  each bra in  region of ra ts  exposed to lead f o r  
3 months compared to non-exposed control  animals.  The 
r esu l ts  are expressed as mean + S.D. of  8 animals in each
control  group and 6 in each lead group.
brain region
c o n t r o 1
brain weight (g)  
120JjM Pb 480JjM Pb
cerebel lum 0 .27+0 .04 0 .29+0 .04 0 .29+0 .07
midbra i n 0 .20+0 .04 0 .21+0.03 0 .15+0 .02
diencaphalon 0 .2 4+0 .08 0 .27+0.09 0 .22+0 .05
te lencephalon 0 .92+0.13 0 .90+0 .12 0 .90+0 .09
/ ■ ■ ■ ■ -  -  ■ ' ■
-
-
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Table 5.24 Brain weights -7 month lead exposure
Weight of  each brain  region of rats  exposed to lead f o r  
7 months compared to  non-exposed cont ro l  animals.  The 
re su l ts  are expressed as mean + S.D. of  6 observa t ions .
brain region
cont ro l
brain weight (g)  
48j j M Pb
cerebe11um 0.28+ 0 .03 0 .28+0 .04
midbra i n 0 .17+0 .02 0 .15+0.03
diencephalon 0 .21+0 .02 0 .1 9+0 .03
te lencephalon 0.96+0.11 0 .9 6+0 .07
contro l 480juM Pb
■
c e r e b e l 1um , 0 .2 6+ 0 . 0 4 0 .30+0.01 -  ■
midbrain 0 .1 3+0 .04 0.. 13+0.1)2 .
diencephalon 0 .18+0 .04 0 .1 7+0 .03
telencephalon 0 .96+0 .12 .0. 97 . 10 T
Table 5.25 Brain protein concentration
j- i & 3 months lead exposure post weaning
P r o t e i n  c o n c e n t r a t i o n  o f  b r a i n  r e g i o n s  o f  r a t s  exposed 
t o  lead compared t o  non-exposed c o n t r o l  an i ma l s .  The
r e s u l t s  are expressed as t he  mean + S.D. of 8 an ima l s  in
each c o n t r o l group and 6 in the lead g roups .
Group Bra i n 
c o n t r o l
p r o t e i n  (mg/ml 
120 Pb
homogenate ) 
480 j i M  Pb
1 month 
post -wean ing
c e r e b e l 1um 12 .2+2.2 11.6+1.9 12.9+0.6
m idb ra i n 11.2+2.1 10.0+1.9 11.8+1.6
d i en cepha lon 11 .2+0.8 11.8+0.6 11.2+1.1
t e l e n c e p h a l o n 10 .2+1.3 11.4+0.9 11.6+0.9
3 month 
pos t -wean ing
- -■
c e r e b e l 1um 19 .4+3.0 20 .6+ 0 .9 17 .4+2.4
m idb ra i n 16 .9+3 .9 17 .0+0.8 18 .3+1.0"  -
d iencepha lon 20 .1+ 3 .7 19 .5+2.4 18.7+1.0
t e l e n c e p h a l o n 20 . 1+ 1 .5 19 .9+1.4 19.7+3.3
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Table 5.26 Bra 1n protein concentration
- 7 month lead exposure
P r o t e i n  c o n c e n t r a t i o n  o f  b r a i n  r e g i o n s  o f  r a t s  exposed
to  lead f o r 7 months compared to  non-exposed c o n t r o l
an ima l s .  The r e s u l t s  are expressed as t he  mean + S.D. o f  6
o b s e r v a t i o n s .
group b r a i n  p r o t e i n  (mg/ml homogenate)
c o n t r o 1 48 j j M Pb
7 month
pos t -wean ing
ce r ebe l l um 18.6+3.9 21 . 4+ 5 .0
m idb ra in 15 .3+5.0 18 .9+2.7
d iencepha lon 18 .8+2.6 ' 1 9 . 8 + 2 . 3
te l e n c e p h a l o n 19.8+4.6 17 .9+2.8
- c o n t r o l 48 0yjM Pb
7 month
post -wean i ng '
c e r e b e l 1um 15.7+3.0 18 . 5 + 3 .8
midb ra in 12 .0+2.8 12.2+3.1
d iencepha lon 11. 7+2 . 6 13 .3+2.9
te l e n c e p h a l o n 14.0+2.9 11 .5+1.8
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Table 5.27 Brain protein concentration
- p r e -  pos t -wean ing
P r o t e i n  c o n c e n t r a t i o n s  o f  b r a i n  r e g i o n s  o f  r a t s  exposed 
t o  lead i n  u t e r o ,  p r e -  and p o s t -  weaning compared t o  non­
exposed c o n t r o l  an i m a l s .  Resu l t s  are expressed as mean + 
S.D. o f  5 o b s e r v a t i o n s .
group b r a i n  p r o t e i n
c o n t r o l  4 8 0 Pb 1 9 3 0 ^ M  Pb
p re -  ^  p o s t -  
weaning
c e r ebe l l u m  12.1+2.1 13.2 + 1.8 11.8nh2.7
m i d b ra i n  11 .7+1.2  12 .3+1.8  12 .2+1.8
d i  encepha lon 11.1_+2.2 10.5 + 1.2 10 .7+2.5
te l e n c e p h a l o n  .10.8+1.9 12 .0+J .5  11 .8+2.2
5.4 Discussion
The data p r ese n t ed  t h r o u g h o u t  t h i s  c ha p te r  would s up po r t  
t he  s t u d i e s  i n  t he  l i t e r a t u r e  ob s e rv i n g  a complex e f f e c t  o r  
e f f e c t s  o f  lead on t h e  c a t e c h o l a m i n e r g i c  nervous system 
which i s  m a n i f e s t  i n  sev e ra l  pa rame te rs .  Over- and above 
t h i s ,  t he  r e s u l t s  a l s o  i n d i c a t e  t h a t  even under  t he  same 
c o n d i t i o n s ,  such as exposure r o u t e ,  method o f  an imal  
s a c r i f i c e ,  and assay c o n d i t i o n s ,  t he  e f f e c t  o f  lead i s  no t  
un i f o r m  and i s  observed d i f f e r e n t l y  depending on the degree 
and d u r a t i o n  o f  exposu re .
The observed d i f f e r e n c e s  in a l l  t he  parameters  between 
the  v a r i o u s  e x p e r im e n t s  p resen ted  in t h i s  c h a p te r  may 
e i t h e r  be t he  r e s u l t  o f  a m u l t i s i t e  mode o f  a c t i o n  o f  l ea d ,  
o r  a l t e r n a t i v e l y ,  t h e y  may be t he  r e s u l t  o f  secondary  
e f f e c t s  o f  lead o c c u r r i n g  as a r e s u l t  o f  a p r im a ry  a c t i o n  
o f  l ea d .  In o t h e r  words ,  one o r  more o f  the  observed ' l e a d -  
r e l a t e d '  e f f e c t s  may be compensatory  e f f e c t ( s )  coming i n t o  
p l ay  as a r e s u l t  o f  one o r  more p r im a ry  a c t i o n s .  Look ing a t  
a l l  t h e  ex p e r im e n t s  r e p o r te d  i n t h i s  c h a p t e r ,  t h e r e  i s  a 
wea l t h  o f  ev i dence  i n d i c a t i n g  t h a t  t h e r e  are d i f f e r e n c e s  in 
lead r e l a t e d  e f f e c t s ,  e i t h e r  p r im a ry  o r  seconda ry ,  
depending on t he  degree o f  exposure .  Homeostasis may w e l l  
p l ay  a v i t a l  r o l e  in  a t t e m p t i n g  t o  c o r r e c t  the  a b e r r a t i o n s  
caused be l ead .  The data p resen ted  in t h i s  c h a p t e r  
c e r t a i n l y  i n d i c a t e s  an e f f e c t  o f  lead on c a t e c h o l a m i n e r g i c  
t r a n s m i s s i o n .  However e x a c t l y  where t he  p r im a ry  b i o c he m ic a l  
s i t e s  o f  a c t i o n  are remains r a t h e r  hazy.  The n e u r o t o x i c  
a c t i o n  was m a n i f e s t  in  sev e ra l  parameters  s t u d i e d  in t hese  
e x p e r i m e n t s ;  t he  l e v e l s  o f  n e u r o t r a n s m i t t e r s ,  n o r a d r e n a l i n e
and dopamine,  i n  a d d i t i o n  t o  a l t e r a t i o n s  i n  t he  a c t i v i t y  o f  
the r a t e  l i m i t i n g  enzyme t y r o s i n e  h yd ro xy la se  and i n  PNMT. 
Taken as a who le ,  t he se  f i n d i n g s  p r o v i d e  s t r o ng  ev idence o f  
an e f f e c t  o f  lead on c a t e c h o l a m i n e r g i c  t r a n s m i s s i o n .  
However t he  da ta  p r o v i d e s  f u r t h e r  i n f o r m a t i o n  as t o  t he  
e f f e c t  o f  lead on t h i s  system.  What i s  c e r t a i n ,  i s  t h a t  t he  
e f f e c t  o f  lead i s  r e g i o n a l l y  s p e c i f i c  w i t h i n  the  b r a i n .  
When one i n v e s t i g a t e s  the  c e r e b e l l u m ,  m i d b r a i n ,  
d iencepha lon  and t e l e n c e p h a l o n ,  i t  i s  the  m i d b ra i n  and 
d iencepha lon  which e x h i b i t  t he  most changes i n t he  v a r i o u s  
pa rame te rs .  I t  i s  no te w or th y  t h a t  t hese  are t he  same two 
reg ions  which appeared t o  be the  t a r g e t  r e g i o n s  w i t h  r egard  
t o  t he  c h o l i n e r g i c  system ( c h a p t e r  4 ) .
I t  i s  no t  s u r p r i s i n g ,  c o n s i d e r i n g  t he  data p resen ted  in  
t h i s  c h a p t e r ,  t h a t  t h e r e  e x i s t s  such a l a c k  o f  agreement  in  
the l i t e r a t u r e  w i t h  r egard  t o  t he  c a t e c h o l a m i n e r g i c  nervous 
system and l ea d .  There would appear t o  be a d i f f e r e n c e  in  
t he  m a n i f e s t a t i o n  o f  t he  lead e f f e c t ,  depending on t he  
d u r a t i o n  and degree o f  exposure .  Such o b s e r v a t i o n s  s t r o n g l y  
suggest  t h a t  h o m e o s t a t i c  mechanisms are coming i n t o  p l a y  t o  
a t t emp t  t o  c o r r e c t  the  p a t h o l o g i e s .  Th is  o f  cou rse 
c o m p l i c a t e s  t he  s i t u a t i o n  and makes i t  even more d i f f i c u l t  
t o  i d e n t i f y  t he  p r im a r y  s i t e  o f  a c t i o n  o f  l ead .
Wi th regard  t o  t he  a c t i v i t y  o f  the  r a t e  l i m i t i n g  enzyme, 
t y r o s i n e  h y d r o x y l a s e ,  s i g n i f i c a n t  lead r e l a t e d  a l t e r a t i o n s  
in a c t i v i t y  were indeed noted in t h i s  s t u d y .  However both 
enhancement and supp res s ion  o f  a c t i v i t y  were obse rved .  
These changes may w e l l  be r e l a t e d  t o  a l t e r a t i o n s  In 
t e t r a h y d r o b i o p t e r i n  me tabo l i sm .  However,  not  enough i s  as
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y e t  known about  t he  f a c t o r s ,  i n c l u d i n g  BH , which are
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i n v o l v e d  i n  c o n t r o l l i n g  t y r o s i n e  h y d ro x y la s e  a c t i v i t y  in  
o r d e r  t o  s p e c u l a t e  about  t h i s  a s s o c i a t i o n .
Whether o r  no t  t hese  observed e f f e c t s  on 
c a t e c h o l a m i n e r g i c  f u n c t i o n  are r e l a t e d  o r  can be a t t r i b u t e d  
t o  t he  i n f l u e n c e  o f  t he  meta l  on t e t r a h y d r o b i o p t e r i n  
metabo l i sm ( c h a p t e r  6) remains t o  be de te rm in ed .  I t  i s  most  
c e r t a i n l y  a p o s s i b l e  mechanism o f  a c t i o n  which should be 
con s i de re d  s e r i o u s l y  s i nc e  t h i s  c o f a c t o r  p l ays  an i m p o r t a n t  
r o l e  i n  t h e  b i o s y n t h e s i s  o f  these  e s s e n t i a l  
n e u r o t r a n s m i t t e r s .  The data p resen ted  in t h i s  c h a p t e r  
cannot  be d i r e c t l y  compared w i t h  o t h e r  s t u d i e s  un less  t h e y  
employed s i m i l a r  dosage reg imes .  Our da ta  i n d i c a t e s  a 
v a r y i n g  e f f e c t  o f  lead depending on t he  dosage and d u r a t i o n  
o f  e xp os u r e ,  s u g g es t i n g  a complex e f f e c t  o r  e f f e c t s  o f  lead 
on t h i s  system.
Many s t u d i e s  in  t he  l i t e r a t u r e  are confounded even more 
by so c a l l e d  n o n - s p e c i f i c  e f f e c t s  such as u n d e r - n u t r i t i o n .  
We have t o  a l a r g e  e x t e n t  e l i m i n a t e d  t hese  e f f e c t s .  There 
were no l ead r e l a t e d  r e d u c t i o n s  in b r a i n  w e ig h t  between t he  
v a r i o u s  l ead groups ( t a b l e s  5 . 2 3 ,  5 . 2 4 ) .  In a d d i t i o n  b r a i n
p r o t e i n  c o n c e n t r a t i o n  was no t  a l t e r e d  in any group o f  lead 
t r e a t e d  an ima l s  by compar ison w i t h  t h e i r  r e s p e c t i v e  non­
exposed c o n t r o l s  ( t a b l e s  5.25 - 5 . 2 7 ) .  However,  t hose
an imal s  exposed t o  1930^M lead both p r e -  and pos t -w ea n ing  
and i n  u t e r o  d i d  no t  ga in  we i gh t  t o  t he  same degree as t h e  
non-exposed r a t s  o r  indeed the  an ima l s  exposed t o  t he  l ower  
lead dose ( 4 9 0 ) - t a b l e  5 . 1 .  Th is  r e d u c t i o n  in  t o t a l  body 
we igh t  would appear  t o  be a f e a t u r e  o f  the  group o f  r a t s
exposed t o  lead f o r  a s h o r t  p e r i o d  o f  1 month po s t - w e a n in g .  
Lengthen ing  t h e  exposure p e r i o d  a l l owed t he  lead exposed 
an imal s  t o  ga in  w e i g h t  s i nce  t hose  groups exposed f o r  
l onge r  p e r i o d s  o f  t i m e  were no t  s i g n i f i c a n t l y  reduced in
we i gh t .
A l t hough  a l l  lead exposed groups o f  an ima l s  absorbed 
l ead,  as shown by i t s  acc umu la t i on  in bone,  t h e r e  i s  
e v i d e n t l y  a complex movement o f  lead o c c u r r i n g  between the  
b r a i n  and o t h e r  body compar tments s i nce  no t  a l l  groups o f  
exposed an ima l s  e x h i b i t e d  s i g n i f i c a n t l y  e l e v a t e d  b r a i n  lead 
c o n c e n t r a t i o n  compared t o  t h e i r  r e s p e c t i v e  c o n t r o l s .  The 
an imals  exposed f o r  t he  r e l a t i v e l y  b r i e f  p e r i o d  o f  1 month
e i t h e r  w i t h  o r  w i t h o u t  p r i o r  exposure in u t e r o ,  e x h i b i t e d
s i g n i f i c a n t l y  e l e v a t e d  b r a i n  lead l e v e l s  compared t o
c o n t r o l s .  In a d d i t i o n ,  i t  should be noted t h a t  t h i s  up take
was n o n - s e l e c t i v e ;  t h a t  i s  a l l  b r a i n  r e g i on s  s t u d i e d  showed
uptake o f  t he  m e t a l .  However,  e x te n d in g  t he  p e r i o d  o f
exposure r e s u l t e d  i n no enhancement in  lead uptake in any 
b r a i n  r e g i o n .  Shor t  term lead a b s o r p t i o n  as m a n i f e s t  by 
blood lead c o n c e n t r a t i o n  showed t h a t  a l l  lead exposed
groups were ab so rb in g  the meta l  i n t o  t he  b l oods t ream
a l t h o u g h ,  as was the  case w i t h  bone l e a d ,  t he  r e l a t i o n s h i p
between exposure and c o n c e n t r a t i o n  o f  lead was not  l i n e a r .
From the  f o r e g o i n g  data and d i s c u s s i o n  one can conc lude  
t h a t  a l t h o u g h  t h e r e  are c e r t a i n l y  lead r e l a t e d  e f f e c t s  on 
ca te cho lam in e  f u n c t i o n  in s p e c i f i c  b r a i n  r e g i o n s ,  the
p r ima ry  s i t e s  o f  a c t i o n  remain unde te rm ined .  Such e f f e c t s
are e v i d e n t  a t  even low l e v e l s  o f  lead exposure and a f t e r  
on l y  a b r i e f  p e r i o d  o f  exposu re .  Much f u r t h e r  s t u d i e s  w i l l
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have t o  be per fo rmed and a b e t t e r  u n d e r s ta n d i n g  o f  t he  
c o n t r o l  o f  ca t e c ho la m i ne  s y n t h e s i s  w i l l  be r e q u i r e d  b e fo r e  
one can p i n  p o i n t  t h e  b i o c he m ic a l  l e s i o n .
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CHAPTER 6
EFFECT OF LEAD ON TETRAHYDROBIOPTERIN (BH )
METABOLISM
6.1 General  I n t r o d u c t i o n
L - E r y t h r o - t e t r a n y d r o D i o p t e r i n  ( 2 - a m i n o - 4 - h y d r o x y - 6 - L -
e r y t h r o - d i h y d r o x y p r o p y l - 5  , 6 , 7  , 8 - t e t r a h y d r o p t e r i d i n e ;  BH )
4
f u n c t i o n s  ' as t h e  c o f a c t o r  f o r  s e v e ra l  mixed f u n c t i o n  
oxygenase enzymes in mammalian systems.  To da te  t he  o n l y
w e l l  d e f i n e d  r o l e s  o f  t h i s  p t e r i d i n e  a r e :  F i r s t l y ,  as a
c o f a c t o r  f o r  t y r o s i n e  hy d ro xy la s e  ( t y r o s i n e - 3 - m o n o o x y g -  
enase,  E.C. 1 . 1 4 . 1 6 . 2 )  which c o n v e r t s  the  amino ac id
t y r o s i n e  i n t o  d i h y d r o x y p h e n y 1 a 1 a n i ne (DOPA; Nagatsu e t  al  , 
1972; L e v i t t  e t  1955) :  Second l y ,  t e t r a h y d r o b i o p t e r i n
a l so  serves  as a c o f a c t o r  f o r  a n o t h e r  enzyme o f
ca techo lam in e  s y n t h e s i s ,  namely ,  p h e n y l a l a n i n e  hy d ro x y l a s e  
(p h e n y la l a n i n e - 4 -m o no o xy ge n as e ,  E.C. 1 . 1 4 . 1 6 . 1 )  which 
f u n c t i o n s  t o  f o rm t y r o s i n e  f rom i t s  p r e c u r s o r ,
p h e n y l a l a n i n e  (Kaufman,  1958; 1959; 1963) .  A f u l l e r
d i s c u s s i o n  o f  t hese  two enzymes in ca t e ch o la m i ne  s y n t h e s i s  
can be found e a r l i e r  i n t h i s  t h e s i s  ( c h a p t e r  5 ) .  And, 
t h i r d l y ,  t he  r o l e  o f  t e t r a h y d r o b i o p t e r i n  as a c o f a c t o r  i s  
i n the  c o n v e r s i o n  o f  t r y p t o p h a n  i n t o  5 - h y d r o x y t r y p t o p h a n  
c a ta l y s e d  by t he  enzyme t r y p t o p h a n  h y d ro x y l a s e  ( t r y p t o p h a n -  
5-monooxygenase, E.C. 1 . 1 4 . 1 6 . 4 ) ,  t he  r o l e  be ing d e s c r i b e d  
in t he  196o's (Hosoda & G l i c k ,  1966; Lovenberg ,  J e q u i e r  & 
Sjoerdsma,  1967) .  I t  i s  e v i d e n t  f rom the  f o r e g o i n g  t h a t  
t e t r a h y d r o b i o p t e r i n  p lays  an i m p o r t a n t  p a r t  in t he  
f o r m a t i o n  o f  c a te c h o l a m i n e s ,  s i nce  t y r o s i n e  h y d ro x y la se  i s  
the r a t e  c o n t r o l l i n g  enzyme in t h i s  pathway ( L e v i t t  ejt a 1 , 
1965).  There are two t ypes  o f  mechanism by which t he  
a c t i v i t y  o f  t y r o s i n e  h y d ro xy la s e  can be r e g u l a t e d  in  v i v o ,  
namely,  by s y n t h e s i s  o f  new enzyme m o le c u l e s ,  and by
a l t e r a t i o n  o f  t he  a c t i v i t y  o f  e x i s t i n g  mo le c u l es .  A l t hough  
the s y n t h e s i s  o f  new mo lecu les  i s  e f f e c t i v e  a t  i n c r e a s i n g  
t i s s u e  enzyme l e v e l s ,  t he  process  i s  r e l a t i v e l y  s low s i nc e  
the new mo lecu les  once produced in t he  c e l l  body must then 
be t r a n s p o r t e d  down the  axon t o  the  nerve t e r m i n a l .  A more 
ra p id  t e c h n i q u e  i n v o l v e s  a l t e r a t i o n  o f  t he  k i n e t i c  
parameters  o f  t he  enzyme. In these terms t h e r e  are s e v e ra l  
f a c t o r s  which may a l t e r  the r a t e  o f  h y d r o x y l a t i o n  o f  
t y r o s i n e -
1. The c o n c e n t r a t i o n  o f  apoenzyme - as d i scussed  t h i s  
can o n l y  be a l t e r e d  r e l a t i v e l y  s l o w l y .
2. A v a i l a b i l i t y  o f  m o le c u l a r  oxygen (Nagatsu e t  a 1 , 
1964a)
3. C o n c e n t r a t i o n  o f  t he  s u b s t r a t e ,  t y r o s i n e
4. C o n c e n t r a t i o n  o f  the  c o f a c t o r ,  t e t r a h y d r o b i o p t e r i n
5. A c t i v i t y  o f  d i h y d r o p t e r i d i n e  re d u c t a se ^  an enzyme 
i n v o l v e d  i n t e t r a h y d r o b i o p t e r i n  me tabo l i sm .
The t i s s u e  c o n c e n t r a t i o n  o f  t y r o s i n e  i s  c l o s e  t o  o r
g r e a t e r  than the  K f o r  t he  enzyme, and hence t he
m
c o n c e n t r a t i o n  o f  t h i s  s u b s t r a t e  i s  p r o b a b l y  no t  n o r m a l l y  
r a te  l i m i t i n g  f o r  the  enzyme in  v i v o  (Lovenberg & V i c t o r ,
1974).  However,  in c o n t r a s t  to  t he  c o n c e n t r a t i o n  o f  
c o f a c t o r s  f o r  do pa m in e - B - h y d ro xy 1ase and pheny1e t h a n o 1- 
amine-N-methy1 t r a n s f e r a s e  which appear  t o  be above 
s a t u r a t i o n ,  t he  c o n c e n t r a t i o n  o f  t e t r a h y d r o b i o p t e r i n  i s
below the  K f o r  both the  h i gh a f f i n i t y  t y r o s i n e
m
hyd roxy lase  (24yjm) and t he  low a f f i n i t y  enzyme ( 1 3 ^ m )  -
(Abou-Donia & V i v e r o s ,  1981) .  C o n s id e r i n g  t h i s  d a t a ,  i t  
would appear  t h a t  t he  c o n c e n t r a t i o n  o f  t e t r a h y d r o b i o p t e r i n
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i s  t he  r a t e  l i m i t i n g  f a c t o r  f o r  t y r o s i n e  hy d ro x y l a s e  
a c t i v i t y .  Ev idence t o  sup po r t  t h i s  hy p o th e s i s  e x i s t s  bo th  
i n  v i t r o  (Musacch io ,  D 'Ange lo & McQueen, 1971) ,  and in  v i v o  
( K e t t l e r ,  B a r t h o l i n !  & P l e t s c h e r ,  1974) .  Thus changes in 
t y r o s i n e  h y d ro x y l a s e  a c t i v i t y  may a r i s e  as a . r e s u l t  o f  
m o d i f i c a t i o n s  in  t he  a v a i l a b i l i t y  o f  reduced p t e r i d i n e  
c o f a c t o r  a t  t he  enzyme s i t e  (Musacchio e t  1971) .
The s t r u c t u r e  o f  t e t r a h y d r o b i o p t e r i n  i s  shown in f i g u r e
6.1 which a l s o  d e t a i l s  f o l i c  ac i d  f o r  compar ison s i nce  t he  
two d i f f e r  o n l y  a t  carbon number 6. Desp i t e  t h i s  s t r u c t u r a l  
s i m i l a r i t y  between t he  two compounds, both c o n t a i n i n g  a 2-  
am ino -4 -hy d r oxy  p t e r i d i n e  m o ie t y ,  and t he  f a c t  t h a t  t h e y  
are both d e r i v e d  f rom a common p r e c u r s o r ,  g u a n o s i ne 
t r i p h o s p h a t e  (GTP),  t h i s  i s  where the  c o n n ec t i o n  ends w i t h  
f o l a t e  and t e t r a h y d r o b i o p t e r i n  hav ing  q u i t e  d i f f e r e n t  r o l e s  
in mammal ian c e l l s .  In a d d i t i o n ,  mammal ian c e l l s  have l o s t  
the a b i l i t y  t o  s y n t h e s i s  f o l a t e s  and c on s eq u en t l y  i t  i s  
r e qu i re d  as an e s s e n t i a l  v i t a m i n .  In c o n t r a s t ,  t he  
c a p a b i l i t y  t o  s y n t h e s i s  t e t r a h y d r o b i o p t e r i n  has been 
r e t a i n e d  by t he  b r a i n ,  ad r en a l s  and o t h e r  t i s s u e s  where 
metabo l ism depends on i t s  p resence.
The f u n c t i o n  o f  t e t r a h y d r o b i o p t e r i n  i s  shown d ia g ra m-  
a t i c a l l y  i n  f i g u r e  6 . 2 .  Dur ing the h y d r o x y l a t i o n  r e a c t i o n s ,  
the c o f a c t o r  donates two hydrogen atoms t o  form wa te r  
t o g e t h e r  w i t h  an atom o f  oxygen d e r i v e d  f rom m o l e c u l a r  
oxygen;  t he  o t h e r  oxygen atom be ing t r a n s f e r r e d  t o  the  
s u b s t r a t e ,  p h e n y l a l a n i n e ,  t y r o s i n e  o r  t r y p t o p h a n ;  t h a t  i s  
the t e t r a h y d r o b i o p t e r i n  serves as an e l e c t r o n  donor  in  t he  
r e a c t i o n .  The a c t u a l  mechanism o f  the  r e a c t i o n  i s  a m a t t e r
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F igu re  6.1 Chemical  s t r u c t u r e  o f  t e t r a h y d r o b i o p t e r i n  
and f o l i c  a c i d .
The d i agram serues t o  i l l u s t r a t e  t he  s t r u c t u r a l  
s i m i l a r i t y  between f o l i c  ac i d  and t e t r a h y d r o b i o p t e r i n .
P henyla lan ine  -  
T y ro s in e  -  
T ry p to p h a n -  
H yd ro xy lase
G TP
D e novo 
syn th es is  ^
P henyla lan ine T y ro s in e
T y ro s in e Dopa
T ry p to p h a n 5 -h y d ro x y try p to p h a n
T e tra h y d ro b io p te r in  
(B H , )
NAD
Quinonoid  
D ih y d ro b io p te r in  
(q BHj )
D ih y d ro p te r id in e  
Reductase
D ih y d ro b io p te r in  
(B H , )
NADH + H
Lost from cell
F ig u re  6 .2  T e t r a h y d r o b i o p t e r i n  m e ta bo l i sm .  
T e t r a h y d r o b i o p t e r i n  ac t s  as e s s e n t i a l  c o f a c t o r  i n  the  
h y d r o x y l a t i o n  o f  p h e n y l a l a n i n e ,  t y r o s i n e  and 
t r y p t o p h a n .  S y n th e s i s  o f  t he  c o f a c t o r  i s  by a&e novo 
pathway f rom guanos ine t r i p h o s p h a t e  and a l s o  v i a  a 
sa i vaae  ro u te  c a t a l y s e d  by d i h y d r o p t e r i d i n e  re d u c ta s e .
o f  some de ba t e .  However,  d u r i n g  t h e  r e a c t i o n ,  t he  c o f a c t o r
i s  con ve r te d  v i a  one o r  more u n s t a b l e  i n t e r m e d i a t e s  i n t o
qu inono id  d i h y d r o b i o p t e r i n  (qBH ) which can then re a r r a n g e
2
i n t o  t he  more s t a b l e  compound d i h y d r o b i o p t e r i n  (BH ) .
2
However, a sa l vage  pathway e x i s t s  in o r d e r  t o  m a i n t a i n  
c e l l u l a r  t e t r a h y d r o b i o p t e r i n  l e v e l s .  Qu inono id d i h y d r o ­
b i o p t e r i n  can be reduced once more t o  t e t r a h y d r o b i o p t e r i n ,  
a r e a c t i o n  c a t a l y s e d  by d i h y d r o p t e r i d i n e  reduc tase  (DHPR; 
E.C. 1 . 5 . 9 9 . 7 ;  Cra ine  ^  1972; )  -  f i g u r e  6 . 2 .  Th i s
r e a c t i o n  a l s o  n e c e s s i t a t e s  t he  presence o f  reduced- 
n i c o t i n a m i d e  adenine d i n u c l e o t i d e  (NADH). D i h y d r o p t e r i d i n e  
reduc tase i s  a common enzyme in mammal ian c e l l s ,  and 
t i s s u e s  g e n e r a l l y  c o n t a i n  s u f f i c i e n t  enzyme t o  m a i n t a i n  t he  
c o f a c t o r  i n  t he  f u l l y  reduced s t a t e  (C ra ine  e^  1972 ) .
Po l y ac ry l a m i de  ge l  e l e c t r o p h o r e s i s  has demonst ra ted  t h a t  
d i h y d r o p t e r i d i n e  re duc tase  i s  a d ime r  o f  m o l e c u l a r  w e i g h t  
41-42,800 which agrees w e l l  w i t h  t he  da ta  o f  Scr imgeour  and 
h i s  c o l l e a g u e s  who observed each i d e n t i c a l  s u b u n i t  t o  have 
a m o le c u l a r  w e i g h t  o f  27 ,000.  Qu inono id  d i h y d r o b i o p t e r i n  i s  
a r e l a t i v e l y  u n s t a b le  spec ies  and w i l l  spon tan eo us l y  r e ­
ar range i n t o  t he  more s t a b l e  d i h y d r o b i o p t e r i n ,  a r e a c t i o n  
which w i l l  occu r  in both a c i d i c  and ba s i c  b u f f e r s .  
(Kaufman, 1967) .  The r e s u l t a n t  compound, d i h y d r o b i o p t e r i n  
w i l l  be m a in l y  l o s t  f rom the  c e l l  bu t  a smal l  p r o p o r t i o n  
can be r e - c o n v e r t e d  back i n t o  t he  a c t i v e  c o f a c t o r ,  a 
r e a c t i o n  c a t a l y s e d  by d i h y d r o f o l a t e  r e duc ta se  ( f i g u r e  6 . 2 ) .
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T e t r a h y d r o b i o p t e r i n  i s  w i d e l y  d i s t r i b u t e d  in  mammal ian 
t i s s u e s  (Baker  e_t £l_, 1974; teeming ejt £l_, 1 976a; Fukushima 
& Ni xon,  1980; Ouch & N i cho l  , 1983) be ing found in  many
t i s s u e s  where i t s  f u n c t i o n  i s  f a r  f rom c l e a r .  A n a l y s i s  o f  
seve ra l  r a t  t i s s u e s  has demons t ra ted  h i gh  l e v e l s  t o  be 
p resen t  in  b r a i n ,  p i n e a l  g l a n d ,  p i t u i t a r y  g l a n d ,  ad rena l  
g l ands ,  o v a r y ,  t h y r o i d  g land and sp l een .  A n a l y s i s  o f  b r a i n  
r eg ions  demons t ra tes  a d i f f e r e n t i a l  d i s t r i b u t i o n  o f  t he  
c o f a c t o r  t h r o u g h o u t  t he  organ ( teeming  e^  1976b;
B u l l a r d  £ t  1 978; t e v i n e ,  Kuhn & t o v e n b e r g , 1 979 ) ,  a
d i s t r i b u t i o n  c o n s i s t e n t  w i t h  the  v a r i a t i o n  observed in 
neurob las toma l i n e s  ( A l b r e c h t  ejL 1978) .  As ment i oned
p r e v i o u s l y ,  mammal ian c e l l s  have r e t a i n e d  t he  a b i l i t y  t o  
s y n th es i z e  t e t r a h y d r o b i o p t e r i n .  Th is  i s  in  f a c t  e s s e n t i a l  
s i nce  a l t h ou g h  b i o p t e r i n s  are p r e s e n t  in  normal  d i e t s ,  t he  
f u l l y  hydrogena ted  b i o p t e r i n  i s  p o o r l y  absorbed by man
( B l a i r ,  Ra ta na s th i e n  & Leeming,  1974; t e e m i n g , 1975 ; 1 979 ) ,  
a l t hough  when a d m i n i s t e r e d  p a r e n t a l l y  t he  c e l l s  are capab le  
o f  r e t e n t i o n .  However,  t e t r a h y d r o b i o p t e r i n  w i l l  r a p i d l y  
dehydrogenate  i n t o  d i h y d r o b i o p t e r i n  and subse qu en t l y  i n t o  
b i o p t e r i n  ( B l a i r  & Pearson,  1974) .  K e t t l e r  and h i s
co l l e ag ue s  (1974)  have demonst ra ted  t h a t  when a d m i n i s t e r e d  
i n t r a v e n o u s l y ,  t e t r a h y d r o b i o p t e r i n  i s  no t  capab le  o f
e n t e r i n g  t h e  b r a i n  and thus  t h i s  t i s s u e  a t  l e a s t ,  hav ing  an 
e s s e n t i a l  r e q u i re m e n t  f o r  the c o f a c t o r ,  must s y n t h e s i z e  i t  
w i t h i n  t he  c e l l .  F u r t h e r  ev idence f o r  t he  s y n t h e s i s  o f  
t e t r a h y d r o b i o p t e r i n  i s  d e r i v e d  f rom the  o b s e r v a t i o n  t h a t  
r a t s  fed f o r  se v e ra l  g e n e r a t i o n s  on a b i o p t e r i n - f r e e  d i e t  
develop n o r m a l l y  and c o n t i n u e  t o  e x c r e t e  S ^ i g / d a y
b i o p t e r i n s  in t h e i r  u r i n e  (Leeming,  1975) .  In s p i t e  o f  a 
common p t e r i n  r i n g  between f o l a t e s  and b i o p t e r i n s ,  t h e r e  i s  
no ev idence  f o r  i n t e r c o n v e r s i o n  between t he  two groups o f  
compounds. U r i ne  and serum b i o p t e r i n  l e v e l s  are no t  
a f f e c t e d  by f o l a t e  s t a t u s  nor  a l t e r e d  by t he  a d m i n i s t r a t i o n  
o f  excess f o l a t e s  (F l eming  & B r o q u i s t ,  1967; Fukushima & 
S h i o t a ,  1 972;  Leeming e;t a_l_, 1 976b) .
From the  f o r e g o i n g  d i s c u s s i o n  and t he  data p resen ted  in 
f i g u r e  6 . 2 ,  i t  i s  e v i d e n t  t h a t  the  c e l l u l a r  c o n c e n t r a t i o n  
o f  t e t r a h y d r o b i o p t e r i n  is  m a in ta i n ed  by two mechanisms.  
F i r s t l y ,  de-novo s y n t h e s i s  f rom guanos ine  t r i p h o s p h a t e , and 
second l y  in  a d d i t i o n  by way o f  e i t h e r  t he  d i h y d r o p t e r i d i n e  
reduc tase  c a t a l y s e d  r e d u c t i o n  o f  q u i n o n o i d  d i h y d r o b i o p t e r i n  
or  v i a  t he  m ino r  c o n t r i b u t i o n  f rom d i h y d r o f o l a t e  r ed uc ta s e  
c a ta l y s e d  r e d u c t i o n  o f  the  more s t a b l e  d i h y d r o b i o p t e r i n .  
A l though t h e r e  i s  no t  d i r e c t  i n t e r c o n v e r s i o n  between f o l a t e  
and b i o p t e r i n ,  t h i s  r e p r e s e n t s  a c u r i o u s  r e l a t i o n s h i p  
between t h e i r  m e t abo l i sm .  In a d d i t i o n ,  t he  enzyme m e t h y l -  
e n e t e t r a h y d r o f 0 1 a te  re duc ta se  can reduce qu in on o i d  d i h y d r o ­
b i o p t e r i n  a l t h o u g h  no t  as r a p i d l y  as d i h y d r o p t e r i d i n e  
reduc tase  (Kaufman,  1967; Mathews & Kaufman, 1980) .  Since 
the r e l a t i v e l y  r e c e n t  awareness t h a t  t e t r a h y d r o b i o p t e r i n  i s  
d e r i v ed  f rom guanos ine  t r i p h o s p h a t e  i n  mammalian c e l l s  
(Fukushima & S h i o t a ,  1974) much i n t e r e s t  in  t he  
b i o s y n t h e t i c  pa th  has been shown. The o r i g i n a l  sk e t c hy  
rou te  proposed by Gal and h i s  co - w o rk e r s  (Gal e_t £j_, 1 978 )
- f i g u r e  6 .3  was i n i t a l l y  accepted (Leeming ,  1979; Leeming,  
Pheasant & B l a i r ,  1981) bu t  has s i n ce  been ch a l l e n g e d  on 
numerous o c c a s i o n s ,  a l t h ou g h  an agreed a l t e r n a t i v e  pathway
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has no t  been proposed as y e t .  C u r t u i s  ejt £l_ ( 1 983a) have 
rev iewed t he  proposed pathways suggested by v a r i o u s
a u th o r s .  The work o f  Gal suggested t he  c r u c i a l  s tep  in  t he  
b i o s y n t h e s i s  i n v o l v e d  t he  c o n v e rs i o n  o f  guanos ine  
t r i p h o s p h a t e  i n t o  D - e r y t h r o - 7 , 8 - d i h y d r o n e o p t e r i n
t r i p h o s p h a t e  v i a  an open cha in  p y r i m i d i n e  i n t e r m e d i a t e  ( 2 -  
a m i n o - 6 ( 5 - t r i p h o s p h o r y l - b e n z y l ) - a m i n o - 5 - f o r m a m i d e - 6 -  
h y d r o x y - p y r i m i d i n e ) ,  t he  f i r s t  r e a c t i o n  being c a t a l y s e d  by 
guanos ine t r i p h o s p h a t e  eye 1o h y d r o 1ases A1 and A2, and D-
e r y t h r o - 7 , 8 - d i h y d r o n e o p t e r i n  t r i p h o s p h a t e  s y n th e ta se  be ing  
r e s p o n s i b l e  f o r  the  c y c l i s a t i o n .  L - e r y t h r o - 7 , 8 - d i h y d r o ­
b i o p t e r i n  i s  s ub seq ue n t l y  formed by t he  a p p r o p r i a t e
s y n th e ta s e  enzyme. F i n a l l y ,  t he  a c t i v e  p t e r i d i n e ,  t e t r a ­
h y d r o b i o p t e r i n  i s  produced by a d i h y d r o p t e r i d i n e  re du c ta se  
c a t a l y s e d  r e a c t i o n  ( f i g u r e  6 . 3 ) .  Th is  scheme o f  r e a c t i o n  
s teps  was f o r m u l a t e d  us ing  r a t  b r a i n  as t he  t i s sue . .  No
f u r t h e r  ev i dence  e x i s t s  t o  c o r r o b o r a t e  the  f o r m a t i o n  o f  an 
open ch a in  p y r i m i d i n e  i n t e r m e d i a t e .  I t  i s  now proposed t h a t  
t h e r e  may w e l l  e x i s t  two pathways be ing  s t u d i e d  by v a r i o u s  
resea rch  groups as t he  ' d e - n o v o '  b i o s y n t h e t i c  p a t h ,
a l t h oug h  v a r i o u s  p ieces  o f  ev i dence  suggest  t h a t  e i t h e r
some o f  t he  proposed i n t e r m e d i a t e s  are a r t i f a c t s  o f  the  
i s o l a t i o n  p rocecu res  employed,  o r ,  a l t e r n a t i v e l y  one o f  t he  
paths i s  no t  per  se t he  ' d e - n o v o '  r o u te  o f  s y n t h e s i s  and as 
such has been termed a ' s a l v a g e  p a t h '  (N i c he l  e t  1983) .  
The scheme proposed by Tanaka e;t £j_ (1981)  i s  shown i n
f i g u r e  6 . 3 .  In c o n t r a s t  t o  t he  p r op o sa l s  o f  Gal and h i s  
c o l l e a g u e s ,  t h e  f i r s t  r e a c t i o n  o f  t h i s  pathway,  c a t a l y s e d  
by guanos ine  t r i p h o s p h a t e  eye 1o h yd ro la se  forms D - e r y t h r o -
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Figure 6 . 3  Proposed pathways f rom guanos ine  
t r i p h o s p h a t e  t o  t e t r a h y d r o b i o p t e r i n .
The d i agram i l l u s t r a t e s  t he  p roposed^ thways  f o r  de 
novo s y n t h e s i s  o f  t e t r a h y d r o b i o p t e r i n .  The pathway down 
the l e f t  hand s i d e  o f  t he  f i g u r e  re p r e s e n t s  t he  
p r oposa l s  o f  Gal £ t  ( 1978) .  Tanaka e t  £1  ^ (1981)  pu t  
f o rward  t he  pathway shown on t he  r i g h t  hand s ide  o f  the  
f i g u r e ,  and f i n a l l y  N icho l  e t  aj_ (1983)  proposed t he  
r a t h e r  sk e t c hy  route shown down the  m i dd le  o f  the  
di  agram.
7 , 8 - d i h y d r o n e o p t e r i n  t r i p h o s p h a t e  d i r e c t l y .  Th is  work was 
c a r r i e d  ou t  i n  ch i c ke n  l i v e r  bu t  s u p p o r t i n g  data has been 
ob ta i ned  by o t h e r  worke rs  us i ng r a t  l i v e r  (Dhont  e^  a 1 , 
1983 ; 81 au & N e i d e r w e i s e r ,  1983 ) and ch i cken  l i v e r
(Fukushima,  R i c h t e r  & S h i o t a ,  1977) .  Debate e x i s t s  as t o  
whether  t h e  p r od u c t  o f  guanos ine eye 1oh y d r o la s e  e x i s t s  as 
the q u i n o n o i d  form (Gal ejt £j_, 1978 ) o r  not  (Yim & Brown,
1976; Fukushima e t  a l ,  1977) .  However i t  i s  g e n e r a l l y  
accepted t h a t  in t hese  t i s s u e s  a t  l e a s t ,  no i n t e r m e d i a t e  
e x i s t s .  I t  has been suggested t h a t  t h i s  may be an i m p o r t a n t  
r e g u l a t o r y  s tep  o f  t he  pathway (V i v e ro s  £ t  1981) .  The
p i t u i t a r y  g l and  may w e l l  e x e r t  a r e g u l a t o r y  r o l e  on t e t r a ­
h y d r o b i o p t e r i n  s y n t h e s i s .  T reatment  w i t h  r e s e r p i n e  o r  
i n s u l i n - i n d u c e d  hypog l ycaemia r e s u l t s  in s t i m u l a t i o n  o f  
a d r e n o c o r t i c o t r o p h i c  hormone (ACTH) p r o d u c t i o n  (Gaunt ,  
Char t  & Renzi  , 1 963 ) w i t h  a r e s u l t a n t  r i s e  in guanos ine
t r i p h o s p h a t e  e y e l o h y d r o l a s e  a c t i v i t y  and t e t r a h y d r o b i o ­
p t e r i n  l e v e l s  in  r a t  ad rena l  c o r t e x  (Abou-Donia & V i v e r o s ,  
1981; V i ve ros  £ t  £j_, 1981) .  Th is  e f f e c t  i s  by way o f  enzyme 
i n d u c t i o n  s i nce  i t  can be b l ocked  by t he  p r o t e i n  s y n t h e s i s  
i n h i b i t o r ,  eye 1 ohexamide . Tanaka e;t ^  (1981)  f r a c t i o n a t e d  
t h e i r  ch i c k e n  l i v e r  i n t o  t h r e e  f r a c t i o n s  des ig na ted  A1 , A2 
and 8. F r a c t i o n  A2 , a magnesium dependant  f r a c t i o n ,  
c a ta l y s e d  t he  c o n v e rs i o n  o f  D - e r y t h r o - d i h y d r o n e o p t e r i n  
t r i p h o s p h a t e  I n t o  a compound de s i g n a te d  X. This r e a c t i o n  
occur red  v i a  se v e ra l  i n t e r m e d i a t e s .  F i r s t l y ,  S ' - h y d r o x y -  
s e p i a p t e r i n  t r i p h o s p h a t e  was f o rmed ,  a s tep  which r e q u i r e d  
an unknown p r o s t h e t i c  group which was s i m u l t a n e o u s l y
reduced ( Y -> YH - f i g u r e  6 . 3 ) .  Subsequen t l y  t h i s
2
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spec ies  was conv e r te d  i n t o  X, t he  ke to  and e n d  forms o f  
which are p r o b a b l y  in  e q u i l i b r i u m  w i t h  each o t h e r .  The 
second s tep  was the  magnesium dependant  s tage o f  t he  
r e a c t i o n .  The i n c o r p o r a t i o n  o f  3 ' - h y d r o x y - s e p i a p t e r i n  
t r i p h o s p h a t e  as an i n t e r m e d i a t e  i s  suppo r ted  by t he  work o f  
N i ede rw i ese r  £ t  aj_ ( 1980 ) .  A l though t he  exa c t  na tu re  o f  t he  
l a b i l e  spe c ies  X i s  u n c e r t a i n ,  i t  i s  capab le  o f  d e g r a d a t i o n  
i n t o  p y r u v a te  and p t e r i n  and i s  proposed t o  be 6 - ( 1 , 2 -  
d i o x o p r o p y l ) - d i h y d r o p t e r i n  (Tanaka et_ 1981) .  Acco rd ing
to  t h i s  scheme, compound X i s  reduced t o  s e p i a p t e r i n  (6 -  
l a c t y l - 7 , 8 - d i h y d r o x y p t e r i n  ) , a r e a c t i o n  c a t a l y s e d  by 
f r a c t i o n  A1 and r e q u i r i n g  t he  o x i d a t i o n  o f  reduced 
n i c o t i n a m i d e  adenine d i n u c l e o t i d e  phosphate (NADPH). The 
na tu re  o f  X i s  u n c e r t a i n ,  and indeed t he  work o f  D o r s e t t ,  
Flanagan & Jacobson (1982)  sugges t s  t he  e x i s t e n c e  o f  more 
than one i n t e r m e d i a t e  ' X ‘ . S u b s e qu en t l y ,  s e p i a p t e r i n  
r educ tase (E.C.  1 . 1 . 1 . 1 5 3 ) ,  an o t h e r  NADPH r e q u i r i n g  enzyme
presen t  i n f r a c t i o n  B, i s  r e s p o n s i b l e  f o r  the  c o n v e rs i o n  o f .  
s e p i a p t e r i n  i n t o  d i h y d r o b i o p t e r i n .  The t e r m i n a l  s t e p ,  t he  
con ve r s i o n  o f  d i h y d r o b i o p t e r i n  i n t o  t he  a c t i v e  c o f a c t o r  i s  
then med iated  by d i h y d r o f o 1 ate  r e duc ta se  (S p e c to r  e t  a 1 ,
1975).  Ev idence e x i s t s  however c h a l l e n g i n g  t he  i n v o l v e m e n t  
o f  7 , 8 - d i h y d r o b i o p t e r i n  and s e p i a p t e r i n  in t he  de-novo 
b i o s y n t h e t i c  pathway o f  t e t r a h y d r o b i o p t e r i n .  A l t ho ug h  
m e th o t re xa te  can c o m p l e t e l y  i n h i b i t  d i h y d r o f o l a t e  r e d uc ta se  
in mammal ian c e l l s  in c u l t u r e ,  t e t r a h y d r o b i o p t e r i n  l e v e l s  
are not  reduced (Duch £ t  £j_, 1 982a;  N i cho l  £j_, 1 983 ) .
A d d i t i o n a l l y ,  the  d i s t r i b u t i o n  o f  s e p i a p t e r i n  r e du c ta se  in 
mammalian c e l l  l i n e s  does not  p a r a l l e l  t h a t  o f  t e t r a h y d r o -
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b i o p t e r i n  o r  guanos ine  t r i p h o s p h a t e  c y c l o h y d r o l a s e  (Duch & 
N i c h o l ,  1983) and no c o r r e l a t i o n  i s  observed between t he  
a b i l i t y  o f  c e l l s  t o  c o n v e r t  7 , 8 - d i h y d r o b i o p t e r i n  i n t o  
t e t r a h y d r o b i o p t e r i n  w i t h  t he  l e v e l s  o f  t he  c o f a c t o r ,  o r  t h e  
a c t i v i t y  o f  guanos ine  t r i p h o s p h a t e  c y c l o h y d r o l a s e .  In 
c o n t r a s t ,  t he  a c t i v i t y  o f  the  two enzymes d i h y d r o f o 1 ate  
r educ tase  and 7 , 8 - d i h y d r o b i o p t e r i n  r ed uc ta s e  p a r a l l e l  each 
o th e r  (Duch & N i c h o l , .  1983) .  A l though  no t  p r ob a b l y  t he  so le  
path o f  t e t r a h y d r o b i o p t e r i n  b i o s y n t h e s i s ,  t h i s  r o u t e  termed 
the ' p t e r i n  sa l vage  p a t h '  (N i c ho l  e_t £j_, 1 983 ) ,  may w e l l
e x i s t  in c e r t a i n  c e l l s  o r  s i t u a t i o n s .  An a l t e r n a t i v e  t r u e  
' d e -n o v o '  pa th i ndependent  o f  d i h y d r o f o 1 ate  r educ tas e  and 
m e th o t re x a te  i n s e n s i t i v e  has been proposed (N i c ho l  e t  a 1 , 
1983) .  Th is  scheme ( f i g u r e  6 . 3 )  has no t  been e l u c i d a t e d  bu t  
proposes the  c o n v e r s i o n  o f  7 , 8 - d i h y d r o n e o p t e r i n  t r i p h o s ­
pha te ,  formed d i r e c t l y  f rom guanos ine  t r i p h o s p h a t e  by t he  
same c y c l o h y d r o l a s e  , i n t o  t e t r a h y d r o b i o p t e r i n  v i a  sev_era 1 
l a b i l e  i n t e r m e d i a t e s  o f  which one may w e l l  be the  compound 
l a b e l l e d  X. The i m p o r t a n t  f e a t u r e  o f  t h i s  path however i s  
i t s  i n s e n s i t i v i t y  t o  i n h i b i t i o n  by d i h y d r o f o l a t e  r e d u c t a se  
i n h i b i t o r s .
From the  f o r e g o i n g  d i s c u s s i o n  i t  may w e l l  be t h a t  t he  
b i o s y n t h e t i c  pathway proceeds by d i f f e r e n t  r o u te s  
depending on t h e  t i s s u e  concerned.  I f  t h i s  i s  the  case the  
p r o p e r t i e s  o f  r a t  b r a i n  enzymes as observed by Gal and co-  
worke rs ,  may be q u i t e  d i s t i n c t  f rom those o f  ch i ck en  and 
r a t  l i v e r  o r  k i d n e y .  F i r s t  o f  a l l  i n  t he  r a t  c e r e b r a l  
system,  t he  c o n v e rs i o n  o f  guanos ine  t r i p h o s p h a t e  t o  D- 
e r y t h r o - d i h y d r o n e o p t e r i n  t r i p h o s p h a t e  i s  a two s tep p rocess
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r e q u i r i n g  e i t h e r  AI o r  A2 and enzyme B. In the  ch i c ke n  
l i v e r ,  t h i s  process  i s  c a t a l y s e d  by a s i n g l e  enzyme, does 
not  r e q u i r e  magnesium and shows no f r e e  i n t e r m e d i a t e s .  In 
a d d i t i o n ,  t he  c e r e b r a l  system c a t a l y s e s  t he  c o n v e rs i o n  o f  
D - e r y t h r o - d i h y d r o n e o p t e r i n  t r i p h o s p h a t e  t o  d i h y d r o b i o p t e r i n  
by a s i n g l e  enzyme, and f u r t h e r m o r e  does no t  r e q u i r e  any 
c o f a c t o r s .  In c o n t r a s t ,  in ch i ck en  k i dn ey  t h i s  c o n v e rs i o n  
r e q u i r e s  a t  l e a s t  t h r e e  enzymes, each needing a c o f a c t o r .  
At p r es en t  i t  i s  no t  p o s s i b l e  t o  exc lude  one o r  more o f  t he  
proposed schemes and an open mind co n ce rn in g  t he  d e t a i l s  o f  
t e t r a h y d r o b i o p t e r i n  b i o s y n t h e s i s  w i l l  r e q u i r e  t o  be k e p t .
C o n s i d e r a t i o n  o f  t he  b e h a v i o u r a l  and c o g n i t i v e  e f f e c t s  
o f  lead bo th  at  r e l a t i v e l y  h i gh  l e v e l s  ( R u t t e r ,  1980) ,  and 
the known consequences o f  deranged t e t r a h y d r o b i o p t e r i n  
me tabo l i sm,  led t o  t he  p roposa l  t o  i n v e s t i g a t e  t he  e f f e c t  
o f  lead on the  l e v e l s  o f  such an i m p o r t a n t  c o f a c t o r  and i t s  
metabo l i sm.  There are numerous c l i n i c a l  s t a t e s  documented 
in the  l i t e r a t u r e  in  which t e t r a h y d r o b i o p t e r i n  s y n t h e s i s  o r  
d e g r a da t i o n  i s  a l t e r e d  (Leeming 1981) .  Any d e f e c t  in
the me tabo l i sm o f  t e t r a h y d r o b i o p t e r i n  which leads t o  a 
decreased c o n c e n t r a t i o n  o f  the  c o f a c t o r  in t he  b r a i n  w i l l  
impa i r  n e u r o t r a n s m i t t e r  b i o s y n t h e s i s  and may t hus  have 
n e u r o pa th o1o g i c a 1 consequences.  One o f  the  most s e r i o u s  
derangements in t h i s  c a t e go ry  i s  m a l i g n a n t  h y p e rp h e n y i -  
alanaemia which u n l i k e  the common form o f  the  d i sea se  
c l a s s i c a l  p h e n y l k e t o n u r i a  in which t h e  p a t i e n t  has a g ross  
d e f i c i e n c y  o f  p h e n y l a l a n i n e  h y d r o x y l a s e ,  t he  s u b j e c t  has a 
reduced s y n t h e s i s  o f  t e t r a h y d r o b i o p t e r i n . The p r ogn os i s  f o r  
these p a t i e n t s  i s  po o r ,  and p r o g r e s s i v e  n e u r o l o g i c a l
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d i sease w i t h  l owered n e u r o t r a n s m i t t e r  p r o d u c t i o n  ensues 
un less t r e a t e d  w i t h  d a i l y  supplements  o f  t e t r a h y d r o ­
b i o p t e r i n .  Th is  r e d u c t i o n  in t he  c o f a c t o r  can a r i s e  f rom a 
f a i l u r e  o f  s y n t h e s i s ,  o r  a f a i l u r e  t o  sa l vage  qu in o n o id  
d i h y d r o b i o p t e r i n  by d i h y d r o p t e r i d i n e  r e d u c t a s e .  Examples o f  
both o f  t hese  t ypes  o f  i n h e r i t e d  d i s o r d e r  have been 
re po r te d  (Kaufman ^  1 975;  Leeming ejt £l_, 1 976c ).  These
two t ype s  o f  m a l i g n a n t  hype rp hen y1 a 1 a n i n i a  e x h i b i t  
d i f f e r i n g  l e v e l s  o f  b i o p t e r i n  d e r i v a t i v e s .  Reduct i on  in t he  
de-novo s y n t h e s i s  o f  t he  c o f a c t o r  l eads t o  a l ow e r i n g  o f  
plasma b i o p t e r i n  d e r i v a t i v e s ,  w h i l s t  a reduced a c t i v i t y  o f  
d i h y d r o p t e r i d i n e  reduc tas e  has the  e f f e c t  o f  r a i s i n g  t he  
l e v e l  o f  plasma b i o p t e r i n s  a l t h oug h  in  both t ypes  the  
t i s s u e  l e v e l s  o f  the  a c t i v e  c o f a c t o r  are reduced.  Repor ts  
suggest  however ,  t h a t  t he  n e u r o l o g i c a l  seque lae  o f  t he  form 
r e s u l t i n g  f rom a reduced sa l vage  pathway are more p ro found  
(B rews te r  £ t  1 979 ; Rey e t  1980 ) .  A l though  c l a s s i c a l  
p h e n y l k e t o n u r i a  . i s  due t o  a d e f i c i e n c y  o f  p h e n y l a l a n i n e  
hy d r oxy la se  l e a d i n g  t o  a massive i n c re a s e  in the  t i s s u e  
c o n c e n t r a t i o n  o f  p h e n y l a l a n i n e  and o f  pheny l  py r u v a te  in t he  
plasma,  i t  has been suggested t h a t  t h e r e  may be an 
i n h i b i t i o n  o f  d i h y d r o p t e r i d i n e  reduc tas e  by pheny1 p y r u v a te  
in v i v o  (Leeming e t  £j_, 1981) ,  a l t h o u g h  a l t e r n a t i v e
sugges t i ons  have been proposed (Kaufman,  1976; Youdim,
1 979 ) ,  The h y p o t h e s i s  t h a t  phenyl  p y r u v a t e  i n h i b i t s  t h i s  
enzyme i s  suppo r ted  by data showing ra ised  l e v e l s  o f  
b i o p t e r i n  d e r i v a t i v e s  in p a t i e n t s  on a normal  d i e t  compared 
to those  on a p h e n y l a l a n i n e  r e s t r i c t e d  d i e t  (Leeming e;t a I , 
1981).  These p a t i e n t s  p re se n t  w i t h  a p i c t u r e  o f  i nc reased
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plasma b i o p t e r i n s  (Leeming ^  1 975a;  Dhondt e t  a 1 ,
1981a).
B i o p t e r i n  me tabo l i sm appears t o  be d i s t u r b e d  in  a number 
o f  o t h e r  d i sea se  s t a t e s .  A c t i v e  c o e l i a c  d i s e as e  r e s u l t s  in 
a l o w e r i n g  o f  serum b i o p t e r i n s  (Leeming e t  _aj_, 1 976b;
Leeming & B l a i r ,  1980; Leeming ejt aj_, 1981) ,  an o b s e r v a t i o n  
a l so  e v i d e n t  i n m a l i g n a n t  d i sease (Leeming & B l a i r ,  1980; 
Rokos 1980) and s e n i l e  dement ia  (Leeming,  B l a i r  &
M e l i k i a n ,  1979) .  P a t i e n t s  w i t h  c a r c i n o i d  d i se ase  have been 
shown t o  e x h i b i t  an i nc r ea se d  n e o p t e r i n  c o n c e n t r a t i o n  in 
r e l a t i o n  t o  b i o p t e r i n  both in u r i n e  and serum (Dhont  a 1 , 
1981b) a long w i t h  6 - f o r m y l - p t e r i n  and 6 - h y d r o x y p t e r i n
appear i ng  i n  t he  u r i n e  (Stea e t  1978) .  S e n i l e  dement ia
i s  a s s o c i a te d  w i t h  an a l t e r a t i o n  in  t e t r a h y d r o b i o p t e r i n
me tabo l i sm.  Serum d i h y d r o b i o p t e r i n  l e v e l s  are reduced
-(Leeming £ t  1 979 ) and b r a i n  t e t r a h y d r o b i o p t e r i n  l e v e l s
are l ow e r .  Th i s  l o w e r i n g  o f  c o f a c t o r  l e v e l s  i n  t he  b r a i n
may then r e s u l t  i n  a d e p r e s s io n  o f  ca te ch o la m in e  s y n t h e s i s .
Reduced l e v e l s  o f  t e t r a h y d r o b i o p t e r i n  i n  c e r e b r o s p i n a l  
f l u i d  (CSF) have been r e p o r t e d  in a v a r i e t y  o f  n e u r o l o g i c a l  
d iseases such . as P a r k i n s o n ' s  d i sease  (Lovenberg e;t a 1 ,
1 979 ; W i l l i a m s  ejt 1 980 ) ,  A l z h e i m e r ' s  d i s e a s e ,  S t e e l -
Richardson syndrome,  H u n t i n g t o n ' s  chorea ( W i l l i a m s  e;t a 1 , 
1980) ,  and d y s t o n i a  ( W i l l i a m s  e^  1979) .  In the  case o f  
P a r k i n s o n ' s ,  a reduced l e v e l  o f  a c t i v e  c o f a c t o r  has been 
demonst ra ted s p e c i f i c a l l y  in the  caudate nuc leus  (Nagatsu 
e t  ai  , 1981) .  I t  must be noted t h a t  CSF l e v e l s  o f  a c t i v e
c o f a c t o r  are more r e p r e s e n t a t i v e  o f  the  l e v e l s  l i k e l y  t o  be
found in t he  b r a i n  than the serum va l u e s .
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Raised b i o p t e r i n  d e r i v a t i v e s  have a l s o  been observed in  
the  b l ood  o f  p a t i e n t s  w i t h  g o u t ,  uraemia and a l c o h o l i c  
l i v e r  d i s ea se  (Baker  £1» 1974) and ge ne ra l  k i d n e y
d y s f u n c t i o n  (Leeming,  1975; Leeming e t  £l_, 1976b) .  A
r e d u c t i o n  in  the  b i o p t e r i n  c o n t e n t  o f  t he  u r i n e  o f  
r heumato id  a r t h r i t i c  p a t i e n t s  has been observed (Leeming e t  
a l , 1976b) .  W h i l s t  t h e r e  i s  an i nc re as e  in the  u r i n e  f rom
p s y c h i a t r i c  d i agnosed depressed p a t i e n t s  (Duch ejt a 1 , 
1982b) ,  s c h i z o p h r e n i c s  show no a l t e r a t i o n  in e i t h e r  u r i n a r y  
b i o p t e r i n  o r  n e o p t e r i n ,  o r  CSF b i o p t e r i n  c o n t e n t  ( G a r b u t t  
e t  al  , 1982 ) .  Other  s t u d i e s  however have suggested t h a t
de p r e ss i on  i s  c h a r a c t e r i s e d  by an u n d e r p r o d u c t i o n  o f  t e t r a ­
h y d r o b i o p t e r i n  ( C u r t u i s  e;t 1982; 1983b) .  F i n a l l y ,  drugs 
used t o  t r e a t  v a r i o u s  c o n d i t i o n s  can a f f e c t  b i o p t e r i n  
me tabo l i sm .  M e th o t re x a te  used t o  t r e a t  acu te  l y m p h o b l a s t i c  
leukemia can produce n e u r o l o g i c a l  damage iMeadows & Evans,  
1976; E i s e - r , 1 978) and such p a t i e n t s  have marked ly  r a i s e d  
serum b i o p t e r i n  l e v e l s  (Leeming & B l a i r ,  1980)7 an e f f e c t  
which may be the r e s u l t  o f  an i n h i b i t i o n  o f  d i h y d r o ­
p t e r i d i n e  re duc ta se  by m e t h o t r e x a t e ,  an a c t i o n  p r e v i o u s l y  
observed in  v i t r o  (Cra ine  £ t  £j_, 1 972 ) .  Amphetamine i s  a l s o  
capab le o f  caus ing  a r e d u c t i o n  in b i o p t e r i n  l e v e l s  in  r a t  
s t r a i t u m ,  p o s s i b l y  due t o  the  u n c o up l i ng  o f  t y r o s i n e  
hy d ro xy la se  and d i h y d r o p t e r i d i n e  re duc tase  ( M a n d e l l ,  1978) .  
Other  p s y c h o t r o p i c  drugs however are no t  capab le  o f  a 
s i m i l a r  e f f e c t .  A lumin ium ions are w e l l  documented as a 
causal  agent  o f  d i a l y s i s  dement ia  ( A l f r e y ,  Le Gendre & 
Kachny, 1976, McDermott  ^  1976) and t h i s  meta l  i s  a l s o
known to  i n h i b i t  q u in on o i d  d i h y d r o b i o p t e r i n  sa l vage  in
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v i t r o  (Leeming & B l a i r ,  1979) a t  c o n c e n t r a t i o n s  c l o s e  t o  
those found in  b r a i n s  o f  such p a t i e n t s .
S i m i l a r l y ,  a l t e r e d  a c t i v i t y  o f  d i h y d r o p t e r i d i n e  
reduc tase  has been observed i n  p a t h o l o g i c a l  d i sea se  
s t a t e s .  Dhont ejt ^  (1981b)  observed a p o s i t i v e  c o r r e l a t i o n  
between d i h y d r o p t e r i d i n e  reduc tas e  a c t i v i t y  and oe s t ro ge n  
r e c e p t o r s  in  human b r e a s t  t umou rs ,  and t he  enzyme a c t i v i t y  
was s i g n i f i c a n t l y  i nc reased  ove r  normal  in t h i s  n e o p l a s t i c  
b r ea s t  t i s s u e .  No s i g n i f i c a n t  i n c re a s e  was observed however 
in n e o p l a s t i c  t i s s u e  f rom the  l a rg e  i n t e s t i n e  (Eggar e t  a 1 , 
1983) .
The e s s e n t i a l  r o l e  o f  t e t r a h y d r o b i o p t e r i n  in p r o d u c t i o n  
o f  n e u r o t r a n s m i t t e r s  must be c l e a r  f rom the  d i r e  
consequences o f  i t s  absence in  t hese  r a r e  and somet imes no t  
so r a r e  c o n d i t i o n s  j u s t  d e s c r i b e d ,  e i t h e r  when t e t r a h y d r o ­
b i o p t e r i n  s y n t h e s i s  i s  d e f e c t i v e ,  o r  d i h y d r o p t e r i d i n e  
reduc tase  a c t i v i t y  reduced or  non e x i s t e n t .
Lead has been i m p l i c a t e d  as an e n v i r o n m e n t a l  agent  t h a t  
can ac t  a t  more than one s i t e  o f  t e t r a h y d r o b i o p t e r i n  
me tabo l i sm ,  bo th  in t he  de-novo pathway o f  b i o s y n t h e s i s ,  
and t h e  sa l vage  pa th .  Purdy e;t (1981)  demonst ra ted
i n h i b i t i o n  o f  t e t r a h y d r o b i o p t e r i n  s y n t h e s i s  in a r a t  b r a i n  
homogenate system ' i n  v i t r o ' ,  and d i h y d r o p t e r i d i n e  
reduc tase  a c t i v i t y  f rom both r a t  b r a i n  and l i v e r  was 
i r r e v e r s i b l y  i n h i b i t e d .  Lead, a t  a c o n c e n t r a t i o n  o f  InM, 
produced a 25% r e d u c t i o n  in t he  s y n t h e s i s  o f  t e t r a h y d r o ­
b i o p t e r i n ,  and at  h i g h e r  c o n c e n t r a t i o n s  o f  I ^ M  the  
s y n t h e s i s  was o n l y  55% o f  the  c o n t r o l  v a l u e .  The e f f e c t  on 
d i h y d r o p t e r i d i n e  reduc tase  oc cu r re d  a t  s l i g h t l y  h i g h e r
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lead c o n c e n t r a t i o n s .  The enzymat i c  a c t i v i t y  was 
s i g n i f i c a n t l y  ( p< 0 . 05 )  i n h i b i t e d  by about  14% in  t h e  
presence o f  y M l e a d ,  and much h i g h e r  c o n c e n t r a t i o n s  were 
capable o f  a 50% i n h i b i t i o n .  These r e s u l t s  must be 
con s ide red  in  terms o f  t i s s u e  lead l e v e l s  encoun te red  in 
man and c o n s i d e r a t i o n  t h a t  the  data was ob ta i n e d  in v i t r o .  
A d d i t i o n a l l y ,  a s i g n i f i c a n t l y  decreased l e v e l  o f  serum 
b i o p t e r i n s  has been observed in s u b j e c t s  w i t h  c l i n i c a l l y  
expressed lead p o i s o n i n g  ( teeming  & B l a i r ,  1980) .  Acute 
exposure t o  lead in r a t s  (0 .3mg/kg body we igh t  i n j e c t e d  
i n t r a - p e r i t o n e a 1l y  eve ry  48h r )  has been shown to  produce a 
s i g n i f i c a n t  f a l l  i n  serum b i o p t e r i n s  a f t e r  2 ,4  and 6 days 
( H i l b u r n  , 19 70 ) .
These s t u d i e s ,  would suggest  t h a t  lead has indeed an 
e f f e c t  on t e t r a h y d r o b i o p t e r i n  me tabo l i sm .  Th is  c h a p t e r  
r e p o r t s  da ta  o b ta i n e d  f rom a s e r i e s  o f  exp e r imen ts  bo th  in  
man and t he  r a t  t o  t r y  t o  e l u c i d a t e  t he  mode o f  a c t i o n  o f  
lead on t e t r a h y d r o b i o p t e r i n  me tabo l i sm .
6.2 S t u d i es w i t h  C r i t h i d i a  f a s c i c u l a t a  
■ 6 .2 .  1 I n t  r o d u c t  ion
The range o f  serum b i o p t e r i n  d e r i v a t i v e s  observed under  
normal  p h y s i o l o g i c a l  c o n d i t i o n s  i s  nar row (Baker  e;t a 1 , 
1974; t eem ing ,  1 975; teeming e_t aj_, 1 976b ) ,  an o b s e r v a t i o n  
s ug ges t i ng  t he  e x i s t e n c e  o f  mechanisms o p e r a t i n g  t o  
m a in ta i n  t he  l e v e l s  w i t h i n  a c l o s e  range.  Var i ous  
p a t h o l o g i c a l  s t a t e s  r e s u l t  in the  m a n i f e s t a t i o n  o f  a l t e r e d  
serum b i o p t e r i n  l e v e l s  as d i scussed  in t he  gene ra l  
i n t r o d u c t i o n .  The term ' b i o p t e r i n  d e r i v a t i v e s '  o r  ' serum 
b i o p t e r i n s '  w i l l  be used in t h i s  t h e s i s  t o  s i g n i f y  t he
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cong lomera te  o f  b i o p t e r i n  and i t s  b i o l o g i c a l l y  a c t i v e  
reduced d e r i v a t i v e s ,  d i h y d r o b i o p t e r i n  and t e t r a h y d r o ­
b i o p t e r i n  .
Serum b i o p t e r i n s  can be measured by s e v e ra l  t e c h n i q u e s ,  
such as rad io - immuno assay (Nagatsu ^  £j_» 1979b) ,  by an
enzymat i c  assay us ing  t he  p h e n y l a l a n i n e  h y d ro x y la s e  system 
( G u r o f f ,  Rhoads & A b ra m o v i t z ,  1 967;  Kaufman e;t £l_, 1 978 ) ,  
by the  b i oassay  us ing  C r i t h i d i a  f a s c i c u l a t a  (Danks,  Cot ton 
& S c h l e s i n g e r ,  1 975;  teeming ejt 1 976b) o r  by
ch r om a tog raph i c  d e t e r m i n a t i o n  us ing h i gh  p r essu re  l i q u i d  
chromatography (Fukushima e t  £l_, 1978; Stea ejt £l_, 1980) .
C r i t h i d i a  f a s c i c u l a t a  has an a b s o l u te  r e qu i re m en t  f o r  
exogenous p t e r i d i n e s ,  d i f f e r e n t  p t e r i d i n e s  e x h i b i t i n g  a 
v a r y i n g  degree o f  s t i m u l a t i o n  o f  g r o w th .  R e l a t i v e  
a c t i v i t i e s  o f  v a r i o u s  p t e r i d i n e s  are as f o l l o w s : - -
B i o p t e r i n  100% I  ~
7 , 8 - d i h y d r o b i o p t e r i n  100%
t e t r a h y d r o b i o p t e r i n  80%
s e p i a p t e r i n  100%
L - n e o p t e r i  n 56%
D - n e o p t e r i n  0.2%
- v a l u e s  be ing quoted r e l a t i v e  t o  b i o p t e r i n  
( t eem ing ,  1 975;  B l a i r  e_t aj_, 1983 ).
Thin l a y e r  ch romatography  has demonst ra ted  t h a t  
q u a n t i t a t i v e l y  t he  most im p o r t a n t  b i o p t e r i n  d e r i v a t i v e  in 
human serum i s  d i h y d r o b i o p t e r in ( teeming et_ £j_, 1 976b) .
B i o a u t o r a d i o g r a p h y  shows the absence o f  s e p i a p t e r i n  ( B l a i r  
^  a_l_, 1 983 ) ,  and a l t h o u g h  n e o p t e r i n  i s  p r es en t  i t  m a i n l y
e x i s t s  as t he  D - e r y t h r o  f o rm.  Thus in essence t he  C r i t h i d i a
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f a s c i c u l a t a  assay w i l l  measure the aggregate of b i o p t e r i n ,  
d ihyd rob iop t e r in  and t e t r a h y d r o b i o p t e r i n  present  in the  
serum or plasma, wi th the m a j o r i t y  being present  as the  
dihydro form.
I f  one considers the k in e t i c s  of t e t r a h y d r o b i o p t e r i n
metabol ism, two reac t ions  can be descr ibed as in equat ions
6.1 & 6 . 2 ,  which have ra te  constants K and K r e s p e c t iv e ly
1 2
( teeming,  1979) .
K
1
G T P --------- :-----------------------> B H Equation 6.1
4
B H 4 q B H 2------ —------------> B H 2
V --------------------------------------   - _ '  -
   —   — >
k
' 2
-Equation 6.2
- Since K << K and d i h y d r o p te r id in e  reductase is  
2  1 - 
present in excess (Graine et  a l ,  1972) ,  K represents the  
- 2 
rate  determining f a c t o r  f o r  the appearance -  of
d ihyd rob iop t e r in  in serum, and only e x c e p t io n a l l y  w i l l  K
1
be ra te  l i m i t i n g .  Assuming only one r ea c t ion  process a l t e r s  
at a t ime ,  changes in the l evels  of d ih yd ro b i o p t e r in  in 
blood and t e t r a h y d r o b i o p t e r i n  in the c e l l  may be grouped 
under four  headings : -
1. Di hydropter i  d 1 ne reductase i n h i b i t i o n
The r e s u l t a n t  ma n i fes ta t ion  w i l l  be an increase in 
d ihyd ro b io p te r in  formed and th e r e fo re  as the ra te  l i m i t i n g  
step,  an increase in d ihy d ro b i o p t e r in  in the serum. Cel l  
l evels  of a c t i v e  co fa c to r  w i l l  s imul taneously  f a l l .
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2. Enhanced act i v i ty  of  d i h yd ro pt e r i d in e  reductase
This w i l l  r e s u l t  in a reduct ion in 
d i hyd ro b io p te r in  in serum and an increase in c e l l u l a r  
t e t r a h y d r o b i o p t e r i n .
3. Reduction in co fac tor  synthesis via de-novo routes
The l eve l  of i n t r a c e l l u l a r  co fac to r  w i l l  f a l l .  In
order to e f f e c t  the ra te  of d ihy d ro b i o p t e r in  appearance,
the ra te  of synthesis must be very low; t h a t  is K must
1
become r a t e  l i m i t i n g .  At t h is  point  the ra te  of c o fa c to r  
product ion w i l l  be slow and hence serum b i o p t e r in s  w i l l  be 
low.
4. Enhanced t e t r a h y d r o b i o p t e r i n  synthesis
This w i l l  not e f f e c t  the rate  of d i hy d ro b io p te r i n  
appearance in serum since t h i s  is not the ra te  l i m i t i n g  
step.  However i n t r a c e l l u l a r  co fac to r  l eve ls  w i l l  r i s e .
Consequently,  a l t e r a t i o n  in serum b i o p t e r i n s  may be 
i n te r p r e t e d  to e lu c id a t e  a l t e r a t i o n s  in t e t r a h y d r o b i o p t e r i n  
metabol ism. I t  must be remembered t h a t  the-main b iopte r in -  
d e r i v a t i v e  in serum is d ih yd ro b i o p t e r in  since many of  the  
arguements presented in th is  chapter  depend on t h i s  
observât  i o n .
Two ser ies  of exper imental  data are reported in t h i s  
sect ion.  F i r s t l y ,  a study ca r r i ed  out in man exposed to 
lead in the environmental  range,  or at  i n d u s t r i a l  l e v e l s ,  
and secondly,  experiments ca r r i ed  out in the r a t .
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6 . 2 . 2  Human s t u d i es 
6 . 2 . 2 .  1 Methods
Blood samples received in the l abor a to ry  f o r  lead 
analysis  were c o l l e c te d  and plasma b i o p t e r in s  measured in 
the same blood sample; blood lead and C r i t h i d i a  a c t i v e  
b iop t e r ins  being analysed as d e t a i l e d  in the general  
methodology sec t ion.  D e ta i l s  concerning each p a t i e n t  such 
as sex, age and possible  exposure to lead at  work, i f
a p p l i c a b l e ,  were also noted.
6 . 2 . 2 . 2  Results
The d i s t r i b u t i o n  of blood lead concent rat ions observed 
in the blood samples obtained from the 146 subjects in the  
study (44 adul ts  males,  47 adul t  females ,  55 ch i ld re n  of  
which 22 were female and 33 male; a l l  ch i ld r en  being under  
the age of 10 and the o ldes t  adul t  being 76) is shown in
fig"ur.e 6 . 4 .  This markedly skewed d i s t r i b u t i o n  has a
geometric mean of 1.02jjM with de v i a t io n  1.86^M. There is a
grea ter  concent rat ion  of lead in the blood of the ad u l t  
male subjects (geometr ic mean + d e v i a t io n  of 1.42 j- 1.67^M)  
than in the adul t  females (0 .78  + 1.68j jM),  t h i s  d i f f e r e n c e  
being s i g n i f i c a n t  at the 5% l evel  by Mann-Whitney U t e s t ,  
the group of ch i ld re n  as a whole having a geometr ic mean of  
0.97 + 1 . 96jjM. This d i f f e r e n t i a l  sex d i s t r i b u t i o n  is shown 
g r a p h ic a l l y  in f i g u r e  6 . 5 .  In c o n t r a s t ,  the d i s t r i b u t i o n  of  
serum b i o p t e r in s  as measured by C r i t h i d i a  f a s c i c u l a t a  does 
not e x h i b i t  such a skewed d i s t r i b u t i o n  ( f i g u r e  6 . 6 ) ,  and 
the d i f f e r e n c e  between the sexes is not near ly  as marked,  
although females do tend to show s l i g h t l y  reduced plasma 
b iop te r in  l eve ls  compared to males ( f i g u r e  6 . 7 ) .
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The a r i t h m e t i c  mean _+ standard de v ia t io n  f o r  adu l t  males 
and adul t  females being 1.8 + 0.5ng/ml  and 1.4 + 0.3ng/ml  
r e s p e c t i v e l y .  The leve l  of  serum b i op t e r in s  observed in the  
ch i ldren  being 1.6 + 0 .5ng/ml .
Figures 6 .8  - 6.11 i l l u s t r a t e  the p lo t  of blood lead
concentrat ion against  plasma b i o p t e r in  concentrat ion f o r  
the group of subjects as a whole,  adu l t  males,  adul t  
females and c h i ld re n  alone r e s p e c t i v e l y .  The Spearman Rank 
c o r r e l a t i o n  c o e f f i c i e n t  was ca lcu la te d  in each case and the  
values are ta bu la ted  in t a b le  6.1 which also shows the  
level  of s ig n i f i c a n c e  f o r  each c o e f f i c i e n t .
Figure 6 .8  i l l u s t r a t e s  t h a t  the re  is a p o s i t i v e  
c o r r e l a t i o n  between these two v a r i a b l e s .  When the sample as 
a whole was d iv ided in to  four  groups according to blood 
lead c o n ce nt r a t io n ,  the mean plasma b i o p t e r in s  
concentrat ion s i g n i f i c a n t l y  increased with blood lead 
concentrat ion ( t a b l e  6 . 2 ) ,  support ing the r e l a t i o n s h i p  
between the two v a r i a b l e s .  However, the r e l a t i o n s h i p  
becomes less c l e a r  when the group is d ivided into groups 
of smal ler  numbers by way of sex and age ( t a b le  6 . 1 ) .  The 
reason f o r  t h i s  observat ion may wel l  be the small  number of  
subjects in each group.
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Figure 6 .4  D i s t r i b u t i o n  of blood lead va lues.
The histogram i l l u s t r a t e s  the skewed d i s t r i b u t i o n  of  
blood lead values observed in the subjects under study.
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Figure 6 .5  D i f f e r e n t i a l  d i s t r i b u t i o n  of  blood lead 
values;  males and female s .
The histogram i l l u s t r a t e s  the d i f f e r i n g  d i s t n k i o n  of  
blood lead values noted in the female compared to  male 
subjects employed in the study.
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In cont ras t  t o  the d i s t r i b u t i o n  of  blood lead va lues ,
the range of  plasma b i op te r in s  is symmetr ical ly
d i s t r i b u t e d .
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Figure 6 .7  D i f f e r e n t i a l  d i s t r i b u t i o n  of  plasma 
b i o p t e r in s  va 1 ues ; males and fema les .
The histogram depic ts  the range of  plasma b i op te r in s  in 
the males employed in the study and compares t h i s
d i s t r i b u t i o n  to th a t  observed in the female subjects .
Fiqure 6 . 8  P lot  of  blood lead versus plasma 
b i o p t e f i n s  ; al  l s u b je c ts .
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Figure 6.11 P lot  of  blood lead versus plasma 
b i o p t e r i n s ;  c h i ld r en .
Table 6.1 Corre1 at i on coefficients and significance
leve 1 s f o r  the r e l a t i o n s h i p  between b 1 ood lead and 
plasma b i op t e r in  concent ra t ions .
Cor re la t ion  between blood lead concentrat ion and plasma 
C r i t h i d i a  ac t i v e  b i op t e r in s  in a group of subjects taken as 
a whole,  f o r  adul t  males and females separa te ly  and f o r  
ch i ld ren  alone.
Figure Group Number in 
group
Spearman Rank P r o b a b i l i t y  
c o e f f i c i e n t
6.8 a l l  146
6.9 a d u l t e r ^ '  44
6.10 a d u l t  ? 47
6.11 c h i ld r en  55
0.36  
0.146  
0.112  
0.042
< 0 . 0 0 1
Table 6 .2  E f f e c t  of  blood lead concent rat ion  on pi asma
b i op t e r in s  in a group of subjects -
Group No. in Blood lead concentrat ion Plasma b i o p t e r in s  
group Range -uM g.mean + dev. mean + 5 . D.
( u g / d l )  (/jM) (wg/1 )
46
81
18
7
<0.72  
(<15 )
0 . 7 2 - 1 . 9 3
(15 -4 0 )
1 . 9 3 - 2 . 8 9  
( 4 0 -60 )
>2.89
(>60)
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0.48+1.31  
1 . 14+1.32  
2.28+1 .10 
3 .32+1 .16
1 .4+0 .4  
1.6+0 .5  
1 .8+0 .5  
2 . 0 +0 . 6
6 . 2 . 2 . 3  Discussion
The data presented in t h i s  sect ion suggests an e f f e c t  of  
lead on t e t r a h y d r o b i o p t e r i n  metabolism observed as an 
increased concent rat ion  of plasma b i op t e r in s  which,  as 
measured by C r i t h i d i a  f a s c i c u l a t a  bioassay,  is probably  
mainly d i hy d ro b io p te r i n  (Leeming et  £l_, 1 976b) al though
there is doubt surrounding th is  observat ion (Leeming,  
personal communicat ion) .  Increased concentrat ions of plasma 
b iopte r ins  would in d i ca te  an i n h i b i t i o n  of d i h y d ro p te r i d in e  
reductase (Leeming, 1979) and hence the data would suggest  
tha t  the predominant e f f e c t  of lead ions at  the blood 
concentrat ions observed in t h i s  group (0 .28-4.51yjM,  
although the modal value is c loser  -to the lower end of the 
range due to the skewed d i s t r i b u t i o n )  is the i n h i b i t i o n  of  
d i hy d ro pt e r id in e  reductase.  A t . t h e  c e l l u l a r  l e v e l ,  one 
would expect  th a t  there  would be a_ reduced - l eve l  of
neur o t ransmi t te r  synthesis and consequent ly neuro logica l  
sequelae.  Indeed such neuro logica l  disease r e s u l t in g  from 
an i n h i b i t i o n  of d i h yd ro p te r i d in e  reductase is a f e a tu r e  of  
malignant hyperphenylal  anaemia (Leeming e t  1981) .  An
increase in plasma b i op te r i ns  from 1.8 to 4 . 9 ^ g / l  is
associated wi th a drop in I . Q .  score from 104 to 96
(Leeming £ t  £j_, 1 976c; Berry £ t  £l_, 1 979 ) .  S im i la r
de t r imenta l  e f f e c t s  may then be a n t ic i p a t e d  from the 
i n h i b i t i o n  of d i h y d ro pt e r i d in e  reductase and subsequent  
increase in plasma b i op t e r ins  caused by lead ions.
6 .2 .3  Studies with C r i t h i d i a  in rats
6 .2 .3 .1  Method s
Male Sprague-Dawley rats  were exposed to lead (as the
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aceta te  s a l t )  at  a leve l  of  e i t h e r  24|iM (5mg l e a d / 1 )  or  
12(yjM (25mg l e a d / 1 )  in t h e i r  dr ink ing water since weaning;  
control  ra ts  re ce iv ing  d i s t i l l e d  water or tap water
depending on the exper iment .  Food and water  were suppl ied  
ad. l i b i t u m .  A f t e r  a va r i a b le  period of  such exposure the
animals were s a c r i f i c e d  by d e c a p i t a t i o n ,  a hepar in ised
sample of blood obtained and the femur removed f o r  lead 
ana lys is .  Blood and bone lead analyses were performed as 
described in the general  methodology se c t i on ,  as was
analysis  of  the plasma fo r  C r i t h i d i a  ac t i ve  b i o p t e r i n s .
6 . 2 . 3 . 2  Results
In order  to e s t a b l i s h  the concent ra t ion  of plasma 
b i op t e r ins  observed in the species of ra t  to be used in the  
stud ies ,  a group of male Sprague-Dawley rats  being fed on 
normal l ab or a t o ry  chow and tap water ad. l i b i t u m ,  were 
se lec ted .  These animals were e ig h t  months old and had been 
in t-he same environment since weaning. The range of plasma 
b i op te r in s  was r e l a t i v e l y  large ranging from 9.9 to 
32 .4^ g / l  wi th an a r i t h m e t i c  mean + standard de v ia t io n  of  
18.0 + 6 . 2 u g / I ( t o  rcxtsV
The f i r s t  group of experiments involved exposing a group 
of ra ts  to e i t h e r  d i s t i l l e d  water or 24yjM lead as d r ink ing  
f l u i d  f o r  a period of 3 months a f t e r  weaning. The r e s u l t s  
obtained from t h i s  experiment can be seen in t a b l e  5 .3  and 
f i g ur e  6 .1 2 ,  which show tha t  lead exposure resu l ted  in a 
s i g n i f i c a n t  e le v a t io n  in the level  of lead in the blood of 
these ra ts  compared to d i s t i l l e d  water co n t r o l s .  
Accumulation of lead in the body was also demonstrated by 
the s i g n i f i c a n t l y  increased bone lead l eve ls  which these
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animals e x h i b i t e d .  Exposure to lead resu l ted  in an mcTGOise. 
in the concent rat ion  of plasma b i op t e r ins  (Table 5 .3 ;  
p<0 .02 ) .  Shown g r a p h i c a l l y ,  there  is a s i g n i f i c a n t  p o s i t i v e  
c o r r e l a t i o n  between the blood lead concentrat ion in these  
animals and the leve l  of plasma b i o p t e r i n s ,  wi th a 
Spearman Rank c o r r e l a t i o n  c o e f f i c i e n t  of 0.52 being 
ca l cu la ted  ( f i g u r e  5.12 - p<0 .02 ) .
Data r e l a t i n g  to an increased length of exposure and an 
increased leve l  of exposure are shown in ta b le  5 . 4 .  The 
rats were exposed to e i t h e r  2 ^ M  or 12^M lead f o r  a period  
of 7 months from weaning. Table 5 .4  shows th a t  exposure to  
lead resu l te d  in an increased leve l  of lead both in the  
blood and the bones of these animals.  However, the data  
obtained on plasma b i op te r in s  does not p a r a l l e l  the re s u l t s  
obtained in the previous study in ra ts  or the data obtained  
in man. Exposure to the 24^M dose of lead resu l ted  in a 
small s t a t i s t i c a l l y  n o n - s i g n i f i c a n t  f a l l  in plasma
b i o p t e r i n s ,  w h i l s t  those rats  suppl ied wi th 120^M lead 
showed no a l t e r a t i o n  in b i op t e r ins  from the cont rol
animals.  The level  of blood lead did not c o r r e l a t e  with  
plasma b i o p t e r in s  ( f i g u r e  5 . 1 3 ) .  I t  is noteworthy th a t  one 
animal exposed to 120^M lead ex h ib i ted  a very high blood 
lead concent rat ion  of 1.55^M and i t  was t h i s  same animal
which had an exceedingly  high concentrat ion of plasma 
b i o p t e r in s ,  in excess of 13 ^ g /1 , a leve l  beyond the 
l i n e a r i t y  range of the C r i t h i d i a  assay.
Since the exposure of the rats  to 24^M lead f o r  a
r e l a t i v e l y  long per iod of exposure of 7 months resu l ted  in 
a s l i g h t  f a l l  in plasma b i o p t e r i n s ,  an observat ion not
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consistent  wi th previous da ta ,  the study was repeated wi th  
a f u r t h e r  group of animals and the r es u l ts  are shown in 
t ab le  5 . 5 .  These rats  exposed to lead had accumulated the  
metal as shown by the s i g n i f i c a n t l y  e levated bone lead 
concentrat ions compared to control  animals,  although there  
was no d i f f e r e n c e  in the level  of blood lead between the  
two groups. S im i l a r  to the previous group of animals,  
exposure to 2 ^ M  lead f o r  a period of 7 months resu l ted  in 
a f a l l  in plasma b i op te r in s  compared to control  animals and 
th is  f a l l  was s i g n i f i c a n t  at  the 5% s ig n i f i c an ce  l e v e l .
Figure 5 .14  shows a p lo t  of blood lead concent ra t ion  
against  plasma b i o p t e r in s  fo r  a l l  the ra t  groups s tudied.  
S t a t i s t i c a l  ana lys is  of the data ca lcu la t ed  t h a t  the 
r e l a t io n s h ip  was not s i g n i f i c a n t .  ^
Table 5 .3  B1ood lead , bone lead ^  plasma b i o p t e r i n s ^
in male ra ts  " - -
-Lead exposure f o r  3 months from weaning in water V
plasma
Group No. in Blood lead Bone lead b i o p t e r i n
group (g.mean+dev. x+S.D. (mean+S.D
- uM) umol/kg dry - u g / L )
/  /  bone wt.  /
D i s t i l l e d  water  10 0.57+1.11 8+3 11.0+1.1
+ + ++ 
Lead acetate-24^M 10 0 .73^1.12  22+5 14 .7+2.7
+ p < 0.002 compared to d i s t i l l e d  water group 
++ p < 0.02 by Mann-Whitney U t e s t .
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Tab 1e 6.4  Blood lead,  bone lead ^  p1 asma b i op t e r ins
in male rats
- Lead exposure f o r  7 months from weaning in water
Group No. in Blood lead 
group (g.mean+dev 
-
plasma 
Bone lead biopt  
x+S.D. umol/  (x+S.D.  
kg dry wt - y jg /L )
D i s t i l l e d  water  13 
Lead acetate-24uM 15
7
0.55+1.21  
0.70+1.22
+ +
Lead acetate-120uM 6 0 .82+1.47
7+2
++
16 .9+5.5
13.4+7.530 + 5
+++
180+20 15 .8+4.5
+ p < 0.05 compared to d i s t i l l e d  water
++ p < 0.02 group by Mann-Whitney
+++ p < 0.001 U t e s t .
Table 6.5  - Blood lead , bone lead ^  plasma b iop t e r ins
in ma le ra ts  , . -
- Lead exposure f o r  7 months from weaning in water .
Group
Plasma
No. in Blood lead Bone lead biopt
group (g.mean+dev (g.mean+dev (x+S.D.
M) - | imol /kg dry wt ) - j j g / 1 )
/
D i s t i l l e d  water  5 0 .30+1.12 4 . 2+1 .13  24 .1+1 .9
Lead acetate-24^M 6 0 .30+1.17
++ + 
23 .5+1.14  12 .7+0 .8
+ p < 0.05 compared to d i s t i l l e d  water group
++ p < 0.002 by Mann-Whitney U t e s t
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Figure 6.12 Plot of blood lead versus plasma 
biopterins following 2 month lead 
exposure in rats.
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Figure 6.13 Plot of blood lead versus plasma 
biopterins following 2  month lead 
exposure in rats.
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6.2.3.3 Di scuss ion
The data obtained in the f i r s t  experiment  involv ing  a 
r e l a t i v e l y  short  exposure period of 3 months to a low dose 
of lead ( 2 y iM ) showing a s i g n i f i c a n t l y  enhanced leve l  of  
plasma b i o p t e r in s  in the lead exposed group compared to 
controls is cons is ten t  with the data obtained in the
previous study in man and suggests an i n h i b i t i o n  of
d ih yd ro pt e r id in e  reductase a c t i v i t y  in these animals.  The 
p o te n t ia l  thus ex is ts  fo r  a reduct ion in c e l l u l a r
te t r a h y d r o b i o p t e r i n  concentrat ion as a r e s u l t  of t h i s  
i n h i b i t i o n .  The data obtained from the studies in which the  
dose is ra ised to 12(^M lead and/or  the period of exposure 
is lengthened are d ivergent  and ra ise  several  quest ions.  
Exposing ra ts  to the same low dose of lead {2AjiW) f o r  a 
period of  7 months would appear t o  lower the -level of  
plasma b i o p t e r i n s ,  data which would in d i ca te  th a t  the  
a c t i v i t y  of  d i hy d ro p te r i d in e  reductase may be enhanced in
these r a t s ,  in which case there  w i l l  be a r i s e  in i n t r a -
ce- l lu lar  t e t r a h y d r o b i o p t e r i n  concent ra t ion .  A l t e r n a t i v e l y ,  
the de-novo synthesis of the ac t i v e  co fac tor  may be 
reduced, al though th is  i n h i b i t i o n  would requ i re  to be
substant ia l  to r e s u l t  in a reduced appearance of d ihydro ­
b i op te r in  in the serum (Leeming, 1979) .  No evidence is 
a v a i l a b l e  from th is  study to e lu c id a te  which of these two 
p o s s i b i l i t é s  is the mode of act ion of lead in these  
animals.  The enhancement of d i hy d ro p te r i d in e  reductase  
a c t i v i t y  may not be the primary e f f e c t  of  lead but may 
merely be a secondary compensatory e f f e c t  occurr ing as a
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r e s u l t  of  the primary ac t ion .  Such a primary e f f e c t  may 
well  be i n h i b i t i o n  of de-novo synthesis at  one or more 
s i t e s .  Exposure of the ra ts  to 12(yiM lead f o r  a period of 7 
months re su l ted  in no a l t e r a t i o n  in the l eve l  of plasma 
b i o p t e r i n s .  This does not s ig n i f y  t h a t  lead is not having 
an e f f e c t  on te t r a h y d r o b i o p t e r i n  metabolism in th is  group 
of animals.  The r e l a t i v e l y  narrow v a r i a t i o n  in plasma 
b iop te r i ns  observed in man (1.81 + 0 .05ng/ml  - Leeming ct  
a 1 , 1 976b; 1 . 75 + 0 . 03ng/ml in males and 1 .53 + 0.04ng/ml
in females - Leeming & B l a i r ,  1 980; Leeming e t  _aj_> 1981)
suggests homeostat ic mechanisms coming into play to  
maintain these values w i th in  such a range.  Thus in these  
animals compensatory mechanisms may be operat ing to 
maintain the level  of  t e t r a h y d r o b i o p t e r i n  in the c e l l  at  
the appropr ia te  concent rat ion  as a r e s u l t  of an act ion of  
l ea d . :
6 . 2 . 4 - Conelusions on s t u d i es with C r i t h i d i a  f a s c i c u l a t a  
The data presented from these studies" both in man and 
the r a t  suggest an act ion of lead to i n h i b i t  the  
d i h yd ro p te r i d in e  reductase cata lysed path of  
t e t r a h y d r o b i o p t e r i n  product ion.  A d d i t i o n a l l y ,  there  appears 
to be another mode of act ion of t h i s  environmental  
neurotoxin and i t  is suggested t h a t  t h i s  may be e i t h e r  an 
i n h i b i t i o n  of de-novo synthesis of the co fac tor  or an 
enhancement of salvage pathway a c t i v i t y ,  but t h i s  act ion is 
not c l e a r  from these s tudies .  Furthermore,  compensatory 
mechanisms appear to come into play to combat the e f f e c t  of  
lead in the r a t .
6.3 E f f e c t  of  lead on brain t e t r a h y d r o b io p t e r l n
concent rat ion  and d i h y d r o p t e r i d i ne r e d u c t a s e
ac t i  v i t y  in r a t s .
6 .3 .1  In t ro du c t io n
The data presented in the previous sect ions and in the  
i n t roduc t ion  to t h i s  chapter  suggest a pa tho log ica l  e f f e c t  
of lead on t e t r a h y d r o b i o p t e r l n  metabol ism. However, a l l  
studies to date have involved measurement of plasma 
b i op te r i ns  by the C r i t h i d i a  f a s c i c u l a t a  protozoo 1o g ic a 1 
bioassay and thus measure the aggregate of b i o p t e r i n ,  
d i hy dr ob io p te r in  and t e t r a h y d r o b i o p t e r l n .  The a c t i v e  
cofac tor  f o r  the mixed funct ion  oxygenases is however 
t e t r a h y d r o b i o p t e r l n ,  and i t  is t h i s  compound t h a t  is v i t a l  
fo r  normal ne ur o t r an sm i t t e r  funct ion. ,  both c e n t r a l l y  and 
p e r i p h e r a l l y .  More informat ion may be gained as to the mode 
of act ion of lead on t e t r a h y d r o b i o p t e r l n  metabolism i f  the  
e f f e c t  of  lead exposure on the concent ra t ion  of the  
cofac tor  alone could be measured. To t h i s   ^ end:, a high-  
pressure l i q u i d  chromatography (HPLC) technique has been 
developed which is capable of measuring t i s sue  t e t r a h y d r o -  
b i op te r i n  co nce nt ra t ion .  The data in t h is  sect ion w i l l  
i n ve s t i g a te  the e f f e c t  of lead on brain t e t r a h y d r o b i o p t e r l n  
concentrat ion in rats  exposed to lead in t h e i r  d r ink ing  
water.  A d d i t i o n a l l y ,  the a c t i v i t y  of d i h y d r o p t e r i d i ne 
reductase (DHPR), the enzyme p r i n c i p a l l y  responsible  fo r  
the salvage of oxidised forms of t e t r a h y d r o b i o p t e r l n  back 
into the ac t i v e  c o f a c t o r ,  w i l l  be s imul taneously measured 
in the same brain regions of these animals.
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6 .3 . 2  Methods
Male Sprague-Dawley rats  were exposed to lead (as the
aceta te  s a l t )  at  a level  of e i t h e r  (25mg l e a d / 1 )  or
480jjM (100mg le a d /1 )  in t h e i r  dr ink ing f l u i d  from weaning;  
a control  group received d i s t i l l e d  water .  The animals were 
allowed access to food and water ad. l i b i t u m .  At the end of  
a period of exposure of e i t h e r  4 or 12 weeks, the ra ts  were 
weighed p r i o r  to being s a c r i f i c e d  by d e c a p i t a t i o n .  The 
brain was removed and dissected as described in the General  
Methodology Chapter.  Te t r ahydrob iop te r ln  and d ihydro -  
p t e r i d i n e  reductase a c t i v i t y  were subsequent ly measured in 
these brain  regions.  A sample of hepar in ised blood was 
obtained f o r  lead ana lys is  as was the femur.  The methods 
employed to measure brain t e t r a h y d r o b i o p t e r l n  
conc en t ra t ion ,  d i h y d r o p t e r i d i ne reductase a c t i v i t y ,  blood 
and bone lead concentrat ions and t i s sue  p r o t e i n  
concentrat ion are also as d e ta i l e d  in the methods.
6 . 3 . 3  Results
There was no s i g n i f i c a n t  d i f f e r e n c e  in the weight of the  
rats exposed to e i t h e r  the low dose of lead (12^ M ) or the  
high dose (480jjM) - t a b le  6 . 6 .
The concentrat ions of lead in the blood and femur of the  
ra ts  are shown in tab les  6.7 & 6 . 8 .  The l eve ls  of lead in 
the blood were s i g n i f i c a n t l y  e leva ted  in the animals  
exposed to lead at both doses compared to the non-exposed 
control  r a t s .  In a d d i t io n ,  the group exposed to the higher  
dose e x h ib i t e d  a g re a t e r  blood lead concentrat ion than the  
lower dose group. Bone lead l eve ls  p a r a l l e l e d  the blood 
lead da ta .
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Tables 6.9 & 6.11 show the e f f e c t  on brain  te t r a h y d r o -  
b l op te r i n  concent rat ion  and d i h y d r o p t e r i d i ne reductase  
a c t i v i t y  a f t e r  four  weeks lead exposure post-weaning.  The 
data presented in these tab les  can be compared to th a t  
obtained a f t e r  a f u r t h e r  e igh t  weeks of exposure ( t ab l es
6.10 & 6 . 1 2 ) .  The concent ra t ion  of t e t r a h y d r o b i o p t e r l n  in 
the diencephalon was s i g n i f i c a n t l y  increased a f t e r  four  
weeks exposure to both l eve ls  of lead ( p < 0 . 0 5 ) ,  and a f t e r  a 
f u r t h e r  e ig h t  weeks, exposure to 480^M lead but not to 
120^M (p<G.05) ;  in a l l  groups the absolute concentrat ion  
in t h is  region had r isen  between the fo ur t h  and t w e l f t h  
weeks of exposure.  No s i g n i f i c a n t  a l t e r a t i o n s  in co fac tor  
concentrat ion were noted in any other  brain region  
analysed,  e i t h e r  in the low dose group or the higher  
exposure group,  a f t e r  e i t h e r  period of exposure (Tables 6 .9  
& 6.1-0) .  Considering now the a c t i v i t y  of  d i h y d ro p te r i d in e
reductase (Tables 6.11 & 6 . 1 2 ) ;  s i m i l a r l y  to te t r a h y d r o ­
b i op te r l n  l e v e l s ,  the only region of the b ra in  analysed  
which showed any a l t e r a t i o n  in d i h y d ro p te r i d in e  reductase  
a c t i v i t y  was the diencephalon.  Enzymatic a c t i v i t y  was 
s i g n i f i c a n t l y  ra ised in the low dose 120yjM lead group 
compared to the control  group a f t e r  twelve weeks lead 
exposure ( p < 0 . 0 1 ) .  Enhanced a c t i v i t y  was also observed in 
the higher  dose group but t h i s  increase f a i l e d  to reach 
s t a t i s t i c a l  s i g n i f i c a n c e  at the f i v e  percent  l e v e l ,  
possibly due to the r e l a t i v e l y  large s c a t t e r  of  a c t i v i t i e s  
in t h i s  group. The e f f e c t  of  lead on t h i s  enzyme is however 
unclear as the enhanced a c t i v i t y  is no longer apparent when 
the a c t i v i t i e s  are expressed per u n i t  of p r o t e i n .  No
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a l t e r a t i o n  in the a c t i v i t y  of d i h y d ro p te r i d in e  reductase  
was observed in e i t h e r  group of exposure a f t e r  the shor te r  
period of  exposure of four  weeks.
Table 6 .6  Rat weights
Comparison of the weights of ra ts  exposed to lead 
fo r  a per iod of 4 or 12 weeks compared to non-exposed 
co nt ro ls .  Results expressed as mean + S.D. with the number 
in each group in paren thesis .
Treatment Weight (g)
cont rol  120yjM Pb 480 jjM Pb
BH group ■ '
4 ■ ■ . ■ -
4 weeks 205 + 13 (7),  224 + 12 (7)  207 + 37 (7)
12 weeks 316 + 63 (6 ) 363 + 27 (6 ) 40-1- + 40 (6 )
DHPR group
4 weeks 160 + 14 (7)  157 + 21 (7)  166 + 32 (7)
12 weeks 386 + 35 (6)  356 + 3 8  (6 )  417 + 45 (6)
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Table 6.8 Bone lead concentrations
Bone lead concentrat ions  in rats  exposed to lead f o r  a
period of 4 or 12 weeks. Results expressed as mean + S.D.
Ô}- b  o  Wse.ro o tU o A  S.
Treatment Bone lead (^mol/kg dry bone weight )
Control 120 uM Pb 480 liM Pb
BH group
4 + ++*
4 weeks 28 + 14 67 + 19 190 + 34
++ ++*
12 weeks 10 + 5 108 + 14 210 + 35
DHPR group
- -
+ 4 ++**
4 Seeks 8 + 10 86 + 18 195 + 86
++ ++* *
12 weeks 1 + 2 80 + 25 212 + 38;
-
+ p < 0 . 0 5  compared"with 
++ p < 0.001 control  group
* p < 0.001 compared with  
* *  p < 0.01 120 jjM group
Hlanfx ^
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Table 6 .9  T e t r a h y d r o b i o p t e r l n  c o n c e n t r a t i o n s
-  4 weeks exposure
Te t rahydrob iop te r ln  concentrat ions in the brains of ra ts  
exposed to lead f o r  a per iod of 4 weeks. Results expressed 
as mean + S.D. wi th the number in each group in 
parenthes i s .
Brain Region Te t r ahy dro b io p t e r in (pg/mg t i s s u e )
Control  120 uM Pb 480 pM Pb
/ r
Cerebe l1 urn 
Midbra i n 
Diencephalpn
102 + 19 (6 )  
137 + 23 (6)  
197 + 18 (5)
1 0 5 + 1 9  (6 )  94 + 15 (5)
146 + 32 (6 )  1 5 5 + 2 0  (5)
+ + 
243 + 33 (6)  230 + 24 (6)  ^
Telencephalon 106 + 18 ( 6 ) -  1 18 + 3 (6 )  104 + 19 (6 ).
+ p < 0.-05 compared wi th contro-1 group
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Table 6 .10  T e t r a h y d r o b i o p t e r l n  c o n c e n t r a t i o n s
_  1 2  w è ' è k v e x p u s u r r
Te t r ahy drob iop te r ln  concentrat ions in the bra ins of ra ts  
exposed to  lead f o r  a period of 12 weeks. Results expressed 
as mean + S.D. wi th the number in each group in 
parenthes i s .
Brain region Te t rahydrob iop te r in  (pg/mg t i s s u e )
cont rol 120 uM
/
480 uM
/
Cerebe11 urn 
Midbrain  
Diencephaion 
Telencephalon
121 + 55 (6)  
134. + 48 (5)  
1 56 + 29 (6.) 
172 + 56 (6)
94 + 2 8  (5 )  104 + 3 5  (6)
142 + 27 (5 )  139 + 25 (6 )
145 + 29 C6) 205 + 22 (6)
135 + 28 (6 )  164 + 29 (6 )
+ p- < 0 .05  compared wi th cont ro l  group 
*  p < 0 .05  compared wi tb 120yiM group
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6 . 3 . 4  Di S C U 5 S  i on
Tffe f  0 re  g o i n g  d a t a  i n d i c a t e  an e f f e c t  o f  l ead  on
t e t r a h y d r o b i o p t e r l n  m e t a b o l i s m  s e l e c t i v e l y  i n  t h e  
d i e n c e p h a l o n  o f  t h e  r a t  b r a i n  w i t h  no a p p a r e n t  e f f e c t  i n  
the  c e r e b e l l u m ,  m i d b r a i n  o r  t e l e n c e p h a l o n  i n  t h i s  m od e l .  In 
t he  d i e n c e p h a l o n ,  l ead  caused an e l e v a t i o n  i n  t h e  l e v e l s  o f  
t e t r a h y d r o b i o p t e r l n  a f t e r  4 weeks e xp os u re  ( p o s t  w e a n i n g ) .  
There w e re ,  h owever ,  no s i g n i f i c a n t  a l t e r a t i o n s  i n  t h e
a c t i v i t y  o f  d i h y d r o p t e r i d i n e  r e d u c t a s e ,  t he  enzyme r e ­
c o n v e r t i n g  t h e  i n a c t i v e  q u i n o n i o d  d i h y d r o b i o p t e r i n  back 
i n t o  t h e  a c t i v e  enzyme c o f a c t o r .  A f t e r  a f u r t h e r  8 weeks 
exp osu re  t o  l e a d ,  t h e  i n c r e a s e  in  t e t r a h y d r o b i o p t e r l n
c o n c e n t r a t i o n  o b s e r v ed  i n  t h e  g r oup  exposed t o  t h e  h i g h e r  
dose o f  l e a d  (480j jM) was l e s s  t ha n  p r e v i o u s l y  f o un d  and t h e  
l owe r  dose g r oup  had no change i n  t h e  c o n c e n t r a t i o n  o f  
t e t r a h y d r o b i o p t e r l n .  Indeed d i h y d r o p t e r i d i n e  r e d u c t a s e  
a c t i v i t y  was s i g n i f i c a n t l y  e l e v a t e d  i n  t h e  low dose g r oup  
when t h e  r e s u l t s  were e x p r e s s e d  i n  r e l a t i o n  t o  t i s s u e  
w e i g h t .  T h i s  r i s e  f a i l e d  t o  r each s i g n i f i c a n c e  when p r o t e i n  
c o n c e n t r a t i o n  was t a k e n  i n t o  c o n s i d e r a t i o n .
I n c r e a s e d  l e v e l s  o f  t e t r a h y d r o b i o p t e r l n  c o u l d  be caused
by :
( a )  I n c r e a s e d  ' d e - n o v o '  s y n t h e s i s  ( f i g u r e  6 . 2 )
( b)  I n c r e a s e d  a c t i v i t y  o f  d i h y d r o p t e r i d i n e  r e d u c t a s e
( c )  Decreased a c t i v i t y  o f  h y d r o x y l a t i o n  enzymes.
The t h i r d  p o s s i b i l i t y  i s  u n l i k e l y  t o  e x p l a i n  t h e  r i s e  i n  
t he  l e v e l  o f  c o f a c t o r  s i n c e  t h e  c o f a c t o r  c o n c e n t r a t i o n  i s  
t h o u g h t  t o  d e t e r m i n e  t h e  a c t i v i t y  o f  t y r o s i n e  h y d r o x y l a s e  
a c t i v i t y  ( K e t t l e r  e t  a ^ ,  1974) r a t h e r  t h a n  t h e  c o n v e r s e .  An
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i n c r e a s e  i n  t h e  a c t i v i t y  o f  t h e  s a l v a g e  pa thway enzyme i s  a 
p o s s i b i l i t y  s u p p o r t e d  by t h e  d a t a  o b t a i n e d  i n  t h i s  s t u d y .
However i t  may s t i l l  be t h e  case t h a t  l ead  i s  h a v i n g  an
a c t i o n  on t h e  ' d e - n o v o '  s y n t h e t i c  pa thway  o f  t e t r a h y d r o ­
b i o p t e r l n  m e t a b o l i s m .  T h i s  p o s s i b i l i t y  m u s t ,  h ow ev e r ,  be 
j ud ge d  i n  t h e  knowl edge  t h a t  l ead  i n h i b i t s  p y r i m i d i n e  5 ' -  
n u c l e o t i d a s e  (E .C .  3 . 1 . 3 . 5 ;  V a l e n t i n e  e^  1 976;  Rocco ejt 
a I , 1981;  An g l e  e ^  £l_, 1 982 ) ,  t h e  enzyme r e s p o n s i b l e  f o r
t he  d e p h o s p h o r y l a t i o n  o f  p y r i m i d i n e  n u c l e o s i d e  
monopho sph a t es .  T h i s  w i l l  c l e a r l y  a l t e r  t h e  b a l a n c e  between 
p y r i m i d i n e  and p u r i n e  bases w i t h i n  t h e  c e l l  and 
c o n s e q u e n t l y  t h e  a v a i l a b i l i t y  o f  GTP f o r  p t e r i d i n e
s y n t h e s i s .
I t  I s  n o t  p o s s i b l e  t o  d e t e r m i n e  f r o m  t h e  p r e s e n t  d a t a  
t he  a c t i o n  o r  a c t i o n s  o f  l ead  on t e t r a h y d r o b i o p t e r l n
m e t a b o l i s m .  The p o s s i b i l i t y  e x i s t s  t h a t  an o b s e r v ed  e f f e c t
i s  a c o m p e n s a t o r y  mechanism as a r e s u l t  o f  a n o t h e r  e f f e c t  
o f  l e a d .  An a c t i o n  o f  l ead  on an enzyme in  t h e  pa thway o f  
' d e - n o v o '  s y n t h e s i s  may l ead t o  c o m p en s a t o r y  a l t e r a t i o n s  i n  
o t h e r  e n z y m e ( s )  i n  t h i s  same p a t h .
The d a t a  p r e s e n t e d  i n  t h i s  c h a p t e r  would s u p p o r t  t h e  
h y p o t h e s i s  t h a t  l ead  a c t s  t o  e l e v a t e  c e l l u l a r
t e t r a h y d r o b i o p t e r l n  c o n c e n t r a t i o n s  by an as y e t
u n d e t e r m i n e d  mechanism.  A f t e r  a r e l a t i v e l y  s h o r t  e x p o s u r e  
and a l s o  a f t e r  a c h r o n i c  e xp os u re  p e r i o d ,  d i h y d r o p t e r i d i n e  
r e d u c t a s e  a c t i v i t y  i s  a l t e r e d  e i t h e r  as a r e s u l t  o f  a 
d i r e c t  a c t i o n  o f  l ead  o r  by a h o m e o s t a t i c  mechanism.
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6.4 Cone 1 usions
The s e r i e s  o f  e x p e r i m e n t s  p r e s e n t e d  i n  t h i s  c h a p t e r  
d e m o n s t r a t e  a l t e r a t i o n  t o  t h e  m e t a b o l i s m  o f  
t e t r a h y d r o b i o p t e r l n ,  t h e  e s s e n t i a l  c o f a c t o r  r e q u i r e d  f o r  
t he  s y n t h e s i s  o f  c a t e c h o l a m i n e s  and 5 - h y d r o x y t r y p t a m i n e . 
However t h e  e x a c t  s i t e  o r  s i t e s  o f  a c t i o n  o f  l ead r ema i n  
e l u s i v e .  There would appear  t o  be an i n h i b i t i o n  o f  
d i h y d r o p t e r i d i n e  r e d u c t a s e  i n  v i v o  wh i ch  s u p p o r t s  t h e  d a t a  
o b t a i n e d  i n  v i t r o  ( P u r dy  ejt 1981) .  However  t h e
i n h i b i t i o n  o f  t e t r a h y d r o b i o p t e r l n  s y n t h e s i s  ob se r ve d  in  
v i t r o  ( P u r d y  £ t  _aj_, 1981)  r emai ns  t o  be c o n f i r m e d  in  v i v o .
F u r t h e r  r e s e a r c h  i n t o  p o s s i b l e  e f f e c t s  o f  l ead  on t h e
i n d i v i d u a l  enzymes o f  t h e  ' d e - n o v o '  pathway o f
t e t r a h y d r o b i o p t e r l n  s y n t h e s i s ,  when indeed  i t  has been 
e l u c i d a t e d ,  i s  r e q u i r e d .  The i n t e r p l a y  between t h e  v a r i o u s  
r e a c t i o n s  i n  wh i ch  t e t r a h y d r o b i o p t e r l n  and r e l a t e d  s p e c i e s  
are i n v o l v e d ,  would a p pe ar  t o  be complex  and a l t e r a t i o n  i n  
t h e  a c t i v i t y  o f  one o r  more enzymes compensates  f o r  a l t e r e d  
a c t i v i t y  o f  o t h e r s  i n  t h e  same o r  a n o t h e r  p a t hw ay .
One c a n n o t  n e g l e c t  however ,  t h e  o t h e r  n e u r o c h e m i c a l
e f f e c t s  o f  l ead  such as a l t e r a t i o n s  i n  c a t e c h o l a m i n e
s y n t h e s i s  wh i ch  may i n  p a r t  r e l a t e  t o  changes i n  c o f a c t o r  
c o n c e n t r a t i o n  ( M e r e d i t h  £ l ,  1981) and o t h e r  b i o c h e m i c a l
e v e n t s  such as a l t e r a t i o n  i n  haem s y n t h e s i s  and o v e r ­
p r o d u c t i o n  o f  5-ami  no 1a e v u 1i n i c  a c i d  as m e d i a t o r s  o f  t he  
n e u r o c h e m i c a l  a c t i o n  o f  l ead  (Moore & G o l d b e r g ,  1984) .  The 
i n f l u e n c e  o f  , l ead  a t  a s i t e  o f  c a t e c h o l a m i n e  s y n t h e s i s  
d i s t a n t  f r o m  t y r o s i n e  h y d r o x y l a s e  o r  p h e n y l a l a n i n e  h y d r o x y ­
l ase  may w e l l  e l i c i t  changes in t h e  a c t i v i t i e s  o f  t h e s e
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enzymes p e rha ps  by way o f  changes i n  t e t r a h y d r o b i o p t e r i n  
m e t a b o 1 i sm.
Whatever  t h e  r e a s o n ,  t h e  i n f l u e n c e  t h a t  l ead has upon 
t h e  p a r t i c u l a r  pathway means t h a t  t h e r e  i s  more t h a n  
s u f f i c i e n t  r ea son  t o  i n c l u d e  t h i s  mechanism as one wh i ch  i s  
p a r t  o f  t h e  c o n s t e l l a t i o n  o f  b i o c h e m i c a l  e v e n t s  wh i ch  may 
c o n t r i b u t e  t o  t h e  p rov en  p s y c h o l o g i c a l ,  n e u r o l o g i c a l  and 
b e h a v i o u r a l  changes o b se r ve d  d u r i n g  l ead  e x p o s u r e .
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CHAPTER 7
EFFECT OF LEAD ON 5-AMINOLAEVULINIC ACID SYNTHASE 
ACTIVITY IN RAT BRAIN
7.1 I n t r o d u c t i o n
The anaemia o f  l ead  p o i s o n i n g  i s  l ong  s i n c e  known and 
numerous s t u d i e s  have a d e q u a t e l y  d e m o n s t r a t e d  a l t e r e d  haem 
m e t a b o l i s m  in  l ead  exposed s u b j e c t s .  The r e l a t i v e l y  c omp lex  
pa thway l e a d i n g  t o  haem f o r m a t i o n  i s  shown i n  f i g u r e  7 . 1 .  
The f i r s t  s t e p ,  t h e  most  i m p o r t a n t  r e a c t i o n  i n  t h e  p a t h ,  i s  
t h e  f o r m a t i o n  o f  5 - a m i n o l a e v u l i n i c  a c i d  (ALA) by t h e  
c o n d e n s a t i o n  o f  s u c c i n y l - c o A  and g l y c i n e  w i t h  t h e  a i d  o f  
c o f a c t o r  p y r i d i x a l  p h o s p h a t e .  Æ - A m i n o l a e v u l i n i c  a c i d
s y n t h a s e  (ALA S; E.C.  2 . 3 . 1 . 3 7 ) ;  t h e  enzyme r e s p o n s i b l e  f o r  
t h i s  r a t e - c o n t r o l l i n g  s t e p  i s  e x c l u s i v e l y  l o c a t e d  w i t h i n  
t h e  m i t o c h o n d r i o n  b e in g  a s s o c i a t e d  m a i n l y  w i t h  t h e  i n n e r  
membrane o f  t h e  o r g a n e l l e .  C o n t r o l  o f  haem b i o s y n t h e s i s  
t h r o u g h  ALA s y n t h a s e  i s  a c h i e v ed  by f e e d b a c k  i n h i b i t i o n ;  
t h e  enzyme i s  r e p r e s s e d  by haem o r  a h a e m - l i k e  compound and 
hence i f  t h e  r a t e  o f  haem p r o d u c t i o n  i s  r e d u c e d ,  ALA 
s y n t h a s e  becomes d e - r e p r e s s e d  and i n c r e a s e d  amounts o f  ALA 
are f o r m e d .  ALA e n t e r s  t h e  c y t o p l a s m  o f  t h e  c e l  1 where i t  
i s  m e t a b o l i s e d  t o  t h e  m o n o p y r r o l e ,  p o r p h o b i l i n o g e n  (PBG) 
by s - a m i n o l a e v u l i n i c  a c i d  d e h y d r a t a s e  (ALA D; E.C.  
4 . 2 . 1 . 2 4 ) .  4 moles o f  PBG are i n v o l v e d  i n  c o n d e n s a t i o n ,
c y c l i z a t i o n  and f i n a l l y  i s o m é r i s a t i o n  t o  f o r m  t h e  f i r s t  
p o r p h y r i n ,  u r o p o r p h y r i n o g e n  1, a r e a c t i o n  c a t a l y s e d  by 
u r o p o r p h y r i n o g e n  1 s y n t h e t a s e  (PBG de ami na se ;  E.C.
4 . 3 . 1 . 8 ) .  U r o p o r p h y r i n o g e n  1 i s  u n s t a b l e  and r e a d i l y  
c o n v e r t s  t o  t h e  more s t a b l e  s p e c i e s ,  u r o p o r p h y r i n o g e n  111,  
a r e a c t i o n  c a t a l y s e d  by t h e  enzyme u r o p o p h y r i n o g e n  111 
c o s y n t h e t a s e .  U r o p o r p h y r i n o g e n  d e c a r b o x y l a s e  ( E .C .
4 . 1 . 1 . 3 7 )  i s  t h e n  r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f
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EXCRETION PRODUCTS
F i g u r e  7 .1  The haem b i o s y n t h e t i c  p a t h w a y .
Haem b i o s y n t h e s i s  commences w i t h i n  t h e  m i t o c h o n d r i o n  o f  
t h e  c e l l  w i t h  t h e  r a t e - l i m i t i n g  enzyme o f  t h e  p a t h w a y ,  
5 - a m i n o l a e v u l i n i c  a c i d  s y n t h a s e .  I t  t h e n  p r oc ee ds  down 
t h e  p a t h  i n  t h e  c y t o p l a s m  b e f o r e  r e - e n t e r i n g  t h e  same 
o r g a n e l l e  f o r  t h e  f i n a l  3 s t a g e s  l e a d i n g  u l t i m a t e l y  t o  
haem. C o n t r o l  i s  by way o f  n e g a t i v e  f e e d b a c k  by haem 
upon ALA s y n t h a s e .  The s e r i e s  I p o r p h y r i n o g e n s ,
u r o p o r p h y r i n o g e n  I and c o p r o p o r p h y r i n o g e n  I c a n n o t  be 
u t i l i z e d  and a re  t h e r e f o r e  o b l i g a t o r y  e x c r e t e d .
c o p r o p o r p h y r i n o g e n  wh i ch  t r a n s f e r s  t h e  haem b i o s y n t h e t i c  
pathway back i n t o  t h e  m i t o c h o n d r i o n .  C o p r o p o r p h y r i n o g e n  I I I  
i s  d e c a r b o x y 1a te d  t o  p r o t o p o r p h y r i n o g e n  IX by 
c o p r o p o r p h y r i n o g e n  o x i d a s e  ( E . C.  1 . 3 . 3 . 3 )  and o x i d a t i o n  o f
t h i s  p o r p h y r i n  t h e n  o c c u r s  by t h e  enzyme p r o t o p o r p h y r i n o g e n  
o x i d a s e  f o r m i n g  p r o t o p o r p h y r i n  IX.  The f i n a l  s t e p  i s  t h e
i n s e r t i o n  o f  f e r r o u s  i r o n  i n t o  p r o t o p o r p h y r i n  IX by
f e r r o c h e 1a t a s e  ( E.C.  4 . 9 9 . 1 . 1 )  t o  f o r m haem, wh i ch  i s
u l t i m a t e l y  degradaded  t o  b i l i r u b i n  v i a  haem oxygenase ( E.C .  
1 . 1 4 . 9 9 . 3 ) .
Th i s  pa thway  i s  w e l l  c o n t r o l l e d  v i a  ALA s y n t h a s e ,  
p r o d u c i n g  o n l y  s u f f i c i e n t  amounts o f  i n t e r m e d i a t e s  and
u l t i m a t e l y  haem t o  s e r v i c e  t h e  r e q u i r e m e n t s  f o r  h a em og lob in  
and o t h e r  h a e m o p r o t e i n s  such as c y t o c h r o m e  P450. However  
under  c e r t a i n  p a t h o l o g i c a l  c o n d i t i o n s  t h i s  c o o r d i n a t i o n  
f a l l s  down.  Lead has been d e m o n s t r a t e d  t o  u p s e t  haem
m e t a b o l i s m  s i g n i f i c a n t l y  ( f i g u r e  7 . 2 ) .  In l ead  p o i s o n i n g  
t h e r e  a r e  e a r l y  r i s e s  i n  u r i n a r y  ALA and c o p r o p o r p h y r i n  
w i t h  r i s e s  i n  PBG i n  se ve re  c a s e s .  In t h e  b l o o d ,
e r y t h r o c y t e  p r o t o p o r p h y r i n  i s  i n c r e a s e d .  S t u d i e s  p e r f o r m e d  
b o t h  i n  t h e  r a t  and man on t h e  i n d i v i d u a l  enzymes o f  t h e  
pa th  i n d i c a t e  two f a c t o r s  are  r e s p o n s i b l e  f o r  t h e  
a c c u m u l a t i o n  o f  ALA by l e a d ,  namely a r e d u c t i o n  i n  t h e  
a c t i v i t y  o f  ALA D and an enhancement  in  t h e  a c t i v i t y  o f  ALA 
S ( M i l l e r  e t  1 972;  Campbel l  e t  aj_, 1 977b;  M e r e d i t h ,
Moore & G o l d b e r g ,  1977a;  1979;  Go l dberg  e t  aj_, 1 978;
M e r e d i t h  1 9 78 ) ,  a l t h o u g h  an i n  v i t r o  s t u d y  by Morrow
and c o l l e a g u e s  ( Mo r r ow,  Ura ta  & G o l d b e r g ,  1969) s u g ge s te d
an i n h i b i t i o n  o f  ALA S by l e a d .  A d d i t i o n a l l y  l ead  i s
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F i g u r e  7 . 2  E f f e c t  o f  l ead  on haem b i o s y n t h e s i s .  
P a t h o l o g i c a l  e f f e c t s  o f  l ea d  on t h e  haem b i o s y n t h e t i c  
p a thway  showing  t h e  o v e r p r o d u c t i o n  o f  ALA, 
c o p r o p o r p h y r i n o g e n  I I I  and p r o t o p o r p h y r i n  IX.
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r e s p o n s i b l e  f o r  t h e  d e p r e s s i o n  i n  a c t i v i t y  o f  
c o p r o p o p h y r i n o g e n  o x i d a s e  and f e r r o c h e 1a ta s e  (Campbe l l  £ t  
a 1 , 1 977b)  i n  human l e u c o c y t e s .  The i n h i b i t i o n  o f  t h e s e
enzymes combined w i t h  enhanced haem d e g r a d a t i o n  a l s o  caused 
by l ead  e x p o s u r e ,  l eads  t o  a d i m i n i s h e d  c o n c e n t r a t i o n  o f  
f r e e  haem and hence a f ee d ba ck  i nd uce d  i n c r e a s e d  a c t i v i t y  
o f  t h e  r a t e  l i m i t i n g  enzyme,  ALA S ( G o l d b e r g ,  1972; Moore,  
M e r e d i t h  & G o l d b e r g ,  1980) .
From t h e  f o r e g o i n g  d e s c r i p t i o n  o f  t h e  haem b i o s y n t h e t i c  
pathway and t h e  e f f e c t s  o f  l ead t h e r e o n ,  i t  i s  e v i d e n t  t h a t  
t h e r e  i s  an o v e r p r o d u c t i o n  o f  ALA d u r i n g  l ead e x p o s u r e .  I t  
has r e l a t i v e l y  r e c e n t l y  been s u gge s t ed  t h a t  t h i s  haem 
p r e c u r s o r  may be r e s p o n s i b l e  f o r  a t  l e a s t  some o f  t h e  
n e u r o l o g i c a l  f e a t u r e s  o f  l ead e x p o s u r e .  A l t h o u g h  PBG and 
t h e  p o r p h y r i n s  a re  p h a r m a c o l o g i c a l l y  i n a c t i v e ,  ALA has 
p o t e n t  a c t i v i t y .  ALA can p e n e t r a t e  i n t o  many t i s s u e s  such 
as h e a r t ,  l i v e r ,  k i d n e y ,  s p l e e n ,  g u t  and f a t  i n  wh i ch  i t  
appears  t o  be bound o r  m a i n t a i n e d  i n  t i s s u e s  by a c t i v e  
mechanisms ( M c G i l l  i o n ,  Thomson & G o l d b e r g ,  1975 ) ,  and i t  i s  
c a pa b l e  o f  c r o s s i n g  t h e  b l o o d - b r a i n  b a r r i e r  ( B e c k e r ,  Kramer  
& V i l j o e n ,  1 974;  MeGi 11 i on  £ t  1 974 ) ,  t h e  r e l a t i o n s h i p
between b l o o d  ALA c o n c e n t r a t i o n  and t h a t  i n  b r a i n  b e i n g  o f  
the  f a m i l i a r  c u r v i l i n e a r  n a t u r e  ( M c G i l l  i on  e_t ^ , 1 974 ) .
ALA and t h e  p u t a t i v e  amino a c i d  n e u r o t r a n s m i t t e r s ,  
g l u t a m i c  a c i d  and # -ami no  b u t y r i c  a c i d  (GABA) are 
s t r u c t u r a l  a n a l o g ue s  ( f i g u r e  7 . 3 )  w i t h  ALA and GABA 
d i f f e r i n g  by o n l y  one c a r b o n .  A l t h o u g h  ALA does n o t  e f f e c t  
GABA s y n t h e s i s  o r  m e t a b o l i s m  as d e m o n s t r a t e d  in r a b b i t s  
( B e c k e r ,  Cayan i s  & Kramer ,  1 9 80 ) ,  e v i d e n c e  s u g ge s t s  t h a t
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F i g u r e  7 . 3  Chemica l  s t r u c t u r e  o f  GABA and ALA.
The d i a g r a m  i l l u s t r a t e s  t h e  s t r u c t u r a l  s i m i l a r i t y  
between GABA and ALA.
ALA i s  c a p a b l e  o f  a c t i n g  as a f a l s e  t r a n s m i t t e r  a t  t h e  GABA 
r e c e p t o r  ( N i c h o l l ,  1 976 ; D i c h t e r  e t  1 977 ) .  Data
o b t a i n e d  i n  synaptosomes p r e p a r e d  f ro m r a b b i t  c e r e b r a l  
c o r t e x  s u g g e s t s  t h a t  i n  v i t r o  a t  l e a s t ,  ALA i s  c a p a b l e  o f  
c a u s i n g  i n a p p r o p r i a t e  r e l e a s e  o f  GABA ( B e c k e r ,  . V i l j o e n  & 
Kramer ,  1 9 76 ) .
Both i n  v i t r o  and in  v i v o  e x p e r i m e n t s  have d e m o n s t r a t e d  
t h e  p h a r m a c o l o g i c a l  p o t e n c y  o f  ALA in a v a r i e t y  o f  t i s s u e  
p r e p a r a t i o n s  and s p e c i e s .  In 1968 Feldman and h i s  
c o l l e a g u e s  ( F e l dm an ,  Lever e  & L ie b e r m a n ,  1968) d e m o n s t r a t e d  
t h e  p r e s y n a p t i c  n e u r o m u s c u l a r  i n h i b i t i o n  o f  p o t a s s i u m  
augmented m i n i a t u r e  e n d p l a t e  p o t e n t i a l  (mepps)  f r e q u e n c y .  
The r e s p o n s e  o f  t h e  f r o g  s c i a t i c - g a s t r o c n e m i u s  p r e p a r a t i o n  
t o  e l e c t r i c a l  o r  n e r v ou s  s t i m u l a t i o n  was a l s o  i n h i b i t e d  by 
ALA ( C u t l e r ,  D i c k  & Moore,  1 9 78 ) ,  as was e v o l k e d  r e l e a s e  o f  
a c e t y l c h o l i n e  i n  a low c a l c i u m -  h i g h  magnesium b a t h i n g  
• f l u i d  ( B o r n s t e i n , -  P i c k e t  & Diamond,  1 979 ) .  Aga in  i n  t h e  
f r o g ,  ALA caused d e p o l a r i s a t i o n  o f  t h e  s a r t o r i u s  musc le  
( B e c k e r ,  G o l d s t u c k  & Kramer ,  1975) and caused i n h i b i t i o n  o f  
both t h e  s p i n a l  co rd  v e n t r a l  and d o r s a l  r o o t  r es p on s es  
( L o o t s  e t  £l_, 1 975;  N i c h o l l ,  1 976 ) .  Both s p on t ane ou s  and
a c e t y l c h o l i n e  induced c o n t r a c t i o n s  o f  r a b b i t  duodenum were 
i n h i b i t e d  by ALA in  a dose dependan t  manner ,  c a u s i n g  
d e c r e a s i n g  musc le  t o n e ,  c o n t r a c t i o n  r a t e  and a m p l i t u d e  o f  
c o n t r a c t i o n s  ( C u t l e r ,  Moore & D i c k ,  1980) .
S t u d i e s  i n  s ma l l  r o d e n t s  s u g ge s t  ALA i s  c a p a b l e  o f  
a l t e r i n g  a c t i v i t y .  I n t r a - p e r i t o n e a 1 i n j e c t i o n  o f  ALA i n t o  
mice r e s u l t e d  i n  i n c r e a s e d  spon t aneous  a c L i v i t y  \ M c u i l i i O u ,  
Moore & G o l d b e r g ,  1 9 7 3 ) . The same g r oup  o f  w o r k e r s  l a t e r
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d e m o n s t r a t e d  a d i f f e r e n t i a l  e f f e c t  o f  ALA d epend i ng  on t h e  
mode o f  e x p o s u r e .  Acu te  e x p os u re  i n  mice r e s u l t e d  i n  an 
i n i t i a l  d e p r e s s i o n  o f  sp on t ane ou s  l o c o m o t o r  a c t i v i t y  
f o l l o w e d  by a p e r i o d  o f  h y p e r a c t i v i t y ,  w h i l s t  mice exposed 
c h r o n i c a l l y  e x h i b i t e d  a r e d u c t i o n  i n  s pon t aneous  a c t i v i t y  
and re duc ed  e x c i t a b i l i t y  (Moore ,  M c G i l l  i on  & G o l d b e r g ,  
1975a) .  C u t l e r ,  Moore & Ewar t  (1979)  s t u d i e d  t h e  s o c i a l  
b e h a v i o u r  o f  male mice 30-40 m i n u t e s  f o l l o w i n g  an i n j e c t i o n  
o f  ALA. These r o d e n t s  e x p l o r e d  t h e  cage and scanned l e s s  
f r e q u e n t l y  t h a n  s a l i n e  i n j e c t e d  c o n t r o l s  and a l s o  showed 
l o n g e r  p e r i o d s  o f  i m m o b i l i s a t i o n .  A h y p o t e n s i v e  a c t i o n  o f  
ALA has been d e m o n s t r a t e d  i n  t h e  anaes t he t i sed  and p i t h e d  
r a t  ( M c G i l l  i o n ,  Moore & G o l d b e r g ,  1 975 ) .  The mode o f  a c t i o n  
o f  ALA w h i ch  i s  r e s p o n s i b l e  f o r  t h e  a c t i o n s  on n e r v e - m u s c l e  
f u n c t i o n  i s  u n c e r t a i n  b u t  p o s s i b l y  t h e  a c t i o n  o f  ALA t o  
i n h i b i t  t h e  s o d i u m - p o t a s s i u m  d epe nd an t  ATPase, and t h u s  t h e  
a s s o c i a t e d  i n c r e a s e  i n  c a p i l l i a r y  p e r m e a b i l i t y  i s
i m p o r t a n t .  The s i g n i f i c a n t  r e d u c t i o n  i n  r e s t i n g  membrane 
p o t e n t i a l  o b s e r v e d  in  t h e  f r o g  s a r t o r i u s  musc le  p r e p a r a t i o n  
by Becker  ejt £j_ ( 1 975 ) i s  c o n s i s t e n t  w i t h  an a c t i o n  o f  ALA
on t h e  ATPase.  The d a t a  o f  C u t l e r  e t  aj [ ( 1 979 ) a l s o
i n d i c a t e s  an e f f e c t  o f  ALA on i on  t r a n s p o r t  when t h e y
d e m o n s t r a t e d  t h e  p r es en ce  o f  p o l y p h a s i c  a c t i o n  p o t e n t i a l s  
again  i n  t h e  f r o g  n e u r o - m u s c u l a r  p r e p a r a t i o n  f o l l o w i n g
a p p l i c a t i o n  o f  ALA.
I t  wou l d  t h e r e f o r e  seem p o s s i b l e  t h a t  c e r t a i n  
n e u r o l o g i c a l  m a n i f e s t a t i o n s  o f  l ead  e x posu re  may be 
med ia ted  t h r o u g h  i t s  p roven  h a e m o p o i e t i c  e f f e c t s .  However ,  
a l t h o u g h  ALA i s  c a p a b l e  o f  c r o s s i n g  t h e  b l o o d - b r a i n
311
b a r r i e r ,  and hence c a u s i n g  e f f e c t s  w i t h i n  t h e  b r a i n ,  l ead  
may, i n  a d d i t i o n ,  e n t e r  t h e  b r a i n  and a l t e r  haem 
b i o s y n t h e s i s  i n  s i t u .  To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  t h e  
e f f e c t  on haem b i o s y n t h e s i s  i n  r a t  b r a i n  f o l l o w i n g  l ead  
ex pos ur e  w i l l  be i n v e s t i g a t e d  i n  t h i s  c h a p t e r .  To t h i s  end,  
t he  a c t i v i t y  o f  t h e  r a t e  c o n t r o l l i n g  enzyme,  ALA s y n t h a s e  
w i l l  be me as ur ed ,  s i n c e  a l t h o u g h  i t  i s  n o t  n e c e s s a r i l y
d i r e c t l y  a f f e c t e d  by l e a d ,  i t s  a c t i v i t y  w i l l  be e l e v a t e d  as 
a r e s u l t  o f  d i m i n i s h e d  haem p r o d u c t i o n  and t h e  c o - o r d i n a t e d  
c o n t r o l  o f  haem s y n t h e s i s  which o c c u r s  in  mammals i f  l ead  
i s  i ndeed  h a v i n g  an e f f e c t  on haem m e t a b o l i s m  w i t h i n  t h e  
b r a i n .
7.2 Methods
A g r o up  o f  male Sp rague-Dawl ey  r a t  weaners were d i v i d e d
i n t o  one o f  f i v e  g roups  d e s t i n e d  t o  r e c e i v e  e i t h e r
d i s t i l l e d  w a t e r  o r  a l ead  a c e t a t e  s o l u t i o n  o f  c o n c e n t r a t i o n  
24^M, 48| jM, 140^M o r  240^M l ead which are  e q u i v a l e n t  t o  5,
10, 30 and 50mg l e a d / l i t r e  as d r i n k i n g  s o l u t i o n .  Each l ead
group c o n s i s t e d  o f  6 a n i m a l s  e x c e p t  t h e  unexposed c o n t r o l  
g roup wh ic h  c o m p r i s e d  8 r a t s .  At t h e  end o f  an 8 week 
p e r i o d ,  t h e  a n i m a l s  were s a c r i f i c e d  by d e c a p i t a t i o n  and t h e  
b r a i n s  removed f o r  a n a l y s i s  o f  ALA s y n t h a s e  a c t i v i t y .  Lead 
was a l s o  measured in  a sample o f  h e p a r i n i s e d  b lood  and t h e  
f e m u r .  A n a l y t i c a l  t e c h n i q u e s  f o r  t h e  measurement  o f  l ea d  
c o n c e n t r a t i o n s ,  t i s s u e  p r o t e i n  and e n z y m a t i c  a c t i v i t y  a r e  
as d e s c r i b e d  i n  t h e  Genera l  M et ho do lo gy  s e c t i o n .
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7.3 R esu l t s
In a l l  l ea d  exposed g r o u p s ,  t h e  l e v e l  o f  e x p o s u r e  
s e l e c t e d  r e s u l t e d  i n  a s i g n i f i c a n t  l ead  burden d e v e l o p i n g  
i n  t h e s e  male r a t s ,  as d e m o n s t r a t e d  i n  t h i s  e x p e r i m e n t  by 
t h e  e l e v a t e d  b l o o d  l ead c o n c e n t r a t i o n s  i n  t h e  exposed 
a n i m a l s  by c o m p a r i s o n  w i t h  t h e  c o n t r o l  g r oup  ( t a b l e  7 . 1 ;  
s i g n i f i c a n c e  b e i n g  o b t a i n e d  a t  t h e  1% l e v e l  o r  l e s s ) ,  and 
by t h e  q u a n t i t y  o f  l ead be ing  s t o r e d  i n  t h e  s k e l e t o n ;  f e mu r  
l ead c o n t e n t  b e i n g  used as an i n de x  o f  s k e l e t a l  l ead  
a c c u m u l a t i o n  ( t a b l e  7 . 1 ) .  A l t h o u g h  t h e  l e v e l  o f  l ead i n  t h e  
d r i n k i n g  f l u i d  o f  t h e s e  r a t s  was n o t  h i g h  by c o mp a r i s o n  
w i t h  many o t h e r  s t u d i e s  p e r f o r m ed  by o t h e r  g r o u p s  
i n v e s t i g a t i n g  t h e  n e u r o t o x i c  a c t i o n  o f  l e a d ,  t h e  
p o s s i b i l i t y  s t i l l  remained t h a t  t h e  t r a i n  g r o w t h  o f  t h e  
exposed a n i m a l s  was r e t a r d e d  by c o m p ar i s on  w i t h  t h e  
unexposed r a t s .  A n a l y s i s  o f  v a r i a n c e  d e m o n s t r a t e d  t h a t  
t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p r o t e i n  c o n t e n t  
o f  t h e  b r a i n  o f  t h e  a n i m a l s  i n  e a c h ' g r oup  ( t a b l e  7 . 2  ) and 
t hu s  any o b s e r v e d  d i f f e r e n c e s  in  5 - a m i n o l a e v u l i n i c  a c i d  
s y n t h a s e  a c t i v i t y  i f  no ted  ca n no t  be a t t r i b u t e d  t o  an 
i n d i r e c t  e f f e c t  o f  l ead  on b r a i n  g r o w t h  and d e v e l o p m e n t .  
Tab le  7 . 3  t a b u l a t e s  t h e  a c t i v i t y  o f  5‘ - a m i n o l a e v u l i n i c  a c i d  
s yn th as e  i n  each o f  t h e  4 l ead  exposed g roups  and t h e  
c o n t r o l  unexposed g r o u p .  From t h i s  d a t a ,  i t  can be seen 
t h a t  t h e r e  i s  a wide range in  t he  a c t i v i y  o f  t h i s  enzyme 
seen i n  t h e s e  r a t s .
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Table 7.1 Blood and bone lead c o n c e n t r â t  i on i n ma Ie r a t s
Blood and bone l ead  c o n c e n t r a t i o n  In r a t s  exposed t o  24 ,  
48,  140 and 24(yjM l ead  a c e t a t e  s o l u t i o n  compared t o  t h e
c o n c e n t r a t i o n  i n  t h e  t i s s u e s  o f  r a t s  n o t  exposed t o  l e a d .  
R e s u l t s  a re  e x p r e s s e d  as t h e  mean + S.D.  o f  6 o b s e r v a t i o n s  
in  each l ea d  g ro up  and 8 i n  t h e  c o n t r o l  g r o u p .
Group Blood lead 
(mean + S.D. 
M)r
Bone lead 
( u m o l / k g  d r y  
t/one w t . )
C o n t r o l  
24 j iM  Pb. 
48 juM Pb. 
140 _^M Pb 
2 4 0 y M  Pb
0.41 + 0 .13
0 .5-8 + 0 . 0  8
++
0 ._8 6 - + 0 . 0,6
++
0 . 6 6  + 0 .0 3
++
0 . 8 4  + 0 .2 0
10+4
+ + 
49 + 12
+ + + 
60+9
+++ 
81 + 15
+++
145+31
+ p < 0 . 0 2  by c o m pa r i s o n  w i t h  t h e  c o n t r o l
++ p < 0 . 0 0 2  g r oup  by Mann- Wh i tney  U t e s t
+++ p < 0 . 0 0 1
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Tab 1e 7.2  Bra i n p r o te  i n c o n c e n t r a t i o n  i n male r a t s
exposed t o  l ead  a c e t a t e
B r a i n  p r o t e i n  c o n c e n t r a t i o n  o f  r a t s  exposed t o  24,  48,  
140 and 240yjM l ead  a c e t a t e  s o l u t i o n  compared t o  t h a t  o f  
c o n t r o l  unexposed a n i m a l s .  R e s u l t s  e x p r e s s e d  as t h e  mean + 
s t a n d a r d  d e v i a t i o n  o f  6 o b s e r v a t i o n s  i n  each l ead g r oup  and 
8 i n  t h e  c o n t r o l  g r o u p .
Group B r a i n  p r o t e i n  c o n c e n t r a t i o n
( m g / ml )
C o n t r o l  2 7 . 2  + 3 .9
24 Pb. 2 2 . 8 . +  2 . 8
48 yjM Pb. 2 5 . 0  + 2 . 3
140 Pb. “ 27“.4 + 2.-9
240 uM Pb. 25.9 '  + . 3 . 3Ï.
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Table 7.3  Act  i v i t y  o f  5-ami no I a e v u 1i n i c  ac i d  synthase
i n  r a t  bra i n f o l l o w i n g  e xp os u re  t o  l ead
A c t i v i t y  o f  5 - a m i n o l a e v u l i n i c  a c i d  s y n t h a s e  in  
r a t  b r a i n  f o l l o w i n g  exp osu re  t o  24,  48', 140 and
240jjM l ead a c e t a t e  s o l u t i o n  compared t o  c o n t r o l  non-e xp osed  
a n i m a l s .  The r e s u l t s  are e x pr ess ed  as t h e  mean + s t a n d a r d  
d e v i a t i o n  o f  6 o b s e r v a t i o n s  in each l ead g roup  and 8 i n  t h e  
c o n t r o l  g r o u p .
Group 5-Ami  no 1a e v u 1i n i c  a c i d  s y n t h a s e  
a c t i v i t y  (mmoles 14C a 1 a 
f o r m e d / g  p r o t e i n / h r . )_
C o n t r o l  
24 uM -Pb.r
48 uM Pb.
140 uM Pb.
/
240 uM Pb.;
1.45 + 0.51 
1.32 + 0 .3 9  
0 . 9 0  + 0 .2 8  
1.13 + 0 .44  
1.77 + 0 .72
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7.4 Pi scuss i on
R e c e n t l y  o b t a i n e d  e v i d e n c e  i s  q u i t e  s t r o n g  s u g g e s t i n g
t h a t  i t  may n o t  be l ead i t s e l f ,  b u t  perhaps  a p r o d u c t  o f
deranged haem b i o s y n t h e s i s ,  wh i ch  i s  a d v e r s e l y  a f f e c t i n g
t h e  n e r v o u s  system d u r i n g  l ead e x p o s u r e .  Such an
a s s o c i a t i o n  between two s y s t e m s ,  t h e  haemato1o g i c a 1 system
and n e u r a l  changes in  l ead p o i s o n i n g  would n o t  be a u n i q u e
bond as s i m i l a r  p a r a l l e l s  can be o bser ved  w i t h  o t h e r
p a t h o l o g i e s  such as v i t a m i n  B d e f i c i e n c y .  S e v e r a l
12
p o s s i b l e  modes o f  i n t e r a c t i o n  can be h y p o t h e s i s e d .  F i r s t l y ,  
t h e  n e u r o l o g i c a l  m a n i f e s t a t i o n s  o f  l ead  n e u r o p a t h y  and t h e  
observed  h a e m a t o l o g i c a l  changes may r e s u l t  f r om  a common 
u n d e r l y i n g  d i s t u r b a n c e  o f  haem b i o s y n t h e s i s ;  S e c o n d l y ,  t h e y  
may be due t o  a p o s s i b l e  t o x i c  a c t i o n  o f  an i n t e r m e d i a t e  
produced i n  e x c e s s i v e  q u a n t i t i e s ;  and t h i r d l y  t h e  f i n a l  
p r o p o s a l  i s  t h a t  t h a y  are t h e  r e s u l t  o f  a d e f i c i e n c y  s t a t e  
r e s u l t i n g  f r o m d e p l e t i o n  o f  an e s s e n t i a l  c o f a c t o r .  A l t h o u g h  
t h e  b i o c h e m i c a l  l e s i o n  o f  l ead p o i s o n i n g  i s  o b s e r v ed  
e s s e n t i a l l y  i n  t h e  bone mar row,  i t  has n o t  been r u l e d  o u t  
t h a t  a s i m i l a r  l e s i o n  o c c u r s  in  o t h e r  t i s s u e s  i n c l u d i n g  
n eu ro n s .
One o f  t h e  c h a r a c t e r i s t i c  f e a t u r e s  o f  l ead  p o i s o n i n g ,  
e x c e s s i v e  p r o d u c t i o n  o f  ALA, i s  a l s o  a f e a t u r e  o f  t h e  
g e n e t i c a l l y  t r a n s m i t t e d  i n b o r n  e r r o r  o f  m e t a b o l i s m ,  a c u t e  
i n t e r m i t t e n t  p o r p h y r i a  ( A I P ) .  F o l l o w i n g  an e x t e n s i v e  r e v i e w  
o f  cases o f  AIP and l ead p o i s o n i n g ,  Dagg and h i s  c o l l e a g u e s  
(Dagg e t ,  a l ,  1975) noted  s i m i l a r i t i e s  between t h e  two 
p a t h o l o g i e s .  Both a i l m e n t s  are  v a r i a b l y  accompan ied  by 
abdominal  p a i n ,  c o n s t i p a t i o n ,  v o m i t i n g ,  p a r a i y s i s ,
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d e m y e l i n a t i o n  and p s y c h i a t r i c  d i s t u r b a n c e s .  Vo l umi nous  d a ta  
e x i s t s  t o  i n d i c a t e  a s i g n i f i c a n t  i n c r e a s e  i n  ALA b o th  i n  
b lo o d  and u r i n e  o f  l ead  exposed a n i m a l s  and man. I n c r e a s e s  
i n  ALA i n  t i s s u e s  o f  e x p e r i m e n t a l  a n i m a l s  exposed t o  l ead 
have a l s o  been documented .  In a s t u d y  by S i l b e r g e l d  and 
c o l l e a g u e s  ( S i l b e r g e l d  e t  1 982 ) t h e r e  was a r i s e  i n  t h e  
ALA o f  t h e  s p l e e n  and k i d n e y  f o l l o w i n g  a cu te  a d m i n i s t r a t i o n  
o f  l ead  i n  a h i g h  dose ,  w h i l e  c h r o n i c  e xp os u re  r e s u l t e d  i n  
an i n c r e a s e  o f  ALA i n  b r a i n ,  k i d n e y  and s p l ee n  i n  r a t s  
compared t o  c o n t r o l  a n i m a l s .  In v iew o f  t h e  o b s e r v a t i o n  
t h a t  t h e r e  i s  a common n e u r o l o g i c a l  f e a t u r e  o f  AIP and l ead 
p o i s o n i n g ,  t h e  i dea  o f  a common a e t i o i o g i c a l  agen t  such as 
ALA s h o u l d  a t  l e a s t  be c o n s i d e r e d  s e r i o u s l y .  A d i f f e r e n c e  
however  between t h e  two p a t h o l o g i e s  does e x i s t  i n  t h a t  i n  
AIP t h e r e  i s  an endogenous . b i o c h e m i c a l  a b n o r m a l i t y  
r e s u l t i n g  i n  e x c e s s i v e  p r o d u c t i o n  o f  ALA, w h i l s t  i n  l ead  
p o i s o n i n g ,  an exogenous b i o c h e m i c a l  a b n o r m a l i t y  i s  
r e s p o n s i b l e  f o r  t h e  ALA p r o d u c t i o n .  I f  such a l i n k  e x i s t s  
between t h e  e x c e s s i v e  p r o d u c t i o n  o f  ALA and t h e  
n e u r o l o g i c a l  m a n i f e s t a t i o n s  o f  l ead e x p o s u r e ,  one must  t he n  
c o n s i d e r  t h e  mode o f  a c t i o n  o f  ALA.
I t  has been s u gge s t ed  t h a t  ALA may a c t  as a GABA a g o n i s t  
on p r e s y n a p t i c  r e c e p t o r s  and by f e e d b a c k  i n h i b i t i o n  may 
reduce t h e  amount  o f  GABA a v a i l a b l e  a t  t h e  s ynapse .  
I n t e r f e r e n c e  o f  GABAergic f u n c t i o n  i s  c o m p a t i b l e  w i t h  such 
c l i n i c a l  and e x p e r i m e n t a l  s i g n s  o f  l ead  n e u r o t o x i c i t y  such 
as e x c i t a b i l i t y ,  h y p e r a c t i v i t y ,  and in se ve re  cases 
c o n v u l s i o n s  ( S i l b e r g e l d  & Lamon, 19 80 ) .  As no ted  i n  t h e
i n t r o d u c t i o n  t o  t h i s  c h a p t e r ,  t h e  two compounds have v e r y
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s i m i l a r  c h e m i c a l  s t r u c t u r e s  ( f i g u r e  7 . 3 )  w i t h  ALA 
p o s s e s s i n g  an additional C = 0  group not present on 
. the GABA neurotransmitter molecule# One o f  t h e
l e a d i n g  a u t h o r s  i n  t h i s  f i e l d ,  S i l b e r g e l d  has s u gg e s t e d  
( S i l b e r g e l d  ejt 1 979 ) t h a t  t h e  c o n v u l s i o n s ,  no ted  i n
seve r e  cases  o f  l ead  p o i s o n i n g  are i ndeed due t o  a 
de cr ea se d  GABAergic n e u r o t r a n s m i s s i o n .  S t u d i e s  in  r a t s  have 
d e m o n s t r a t e d  a l t e r e d  l e v e l s  o f  GABA i n  t h e  c e r e b e l l u m  
f o l l o w i n g  c h r o n i c  l ead e x posu re  ( S i l b e r g e l d  & Lamon, 19 80 ) .  
Uptake and r e l e a s e  o f  t he  n e u r o t r a n s m i t t e r  was a l s o  
i n h i b i t e d .  C o n s i d e r i n g  t h e  o b s e r v a t i o n  t h a t  l ead in  v i t r o  
has no e f f e c t  on GABA up ta ke  o r  r e l e a s e  f r om s y na pt os om es ,  
t hen  some o t h e r  f a c t o r  o t h e r  t ha n  l ead  may be r e s p o n s i b l e  
f o r  t h e  i n h i b i t i o n  o f  GABAergic f u n c t i o n  i n  v i v o .  One such 
p o s s i b i l i t y  i s.  t h e  i n v o l v e m e n t  o f  ALA wh i ch  may reduce GABA 
r e l e a s e  by a p r e s y n a p t i c  a c t i o n .  An a l t e r n a t i v e  p r o p o s a l  i s  
t h a t  an i n t a c t  mu 11 i - p a t h w a y  system i s  n e c e s s a r y  f o r  t h i s  
a c t i o n  o f  l e a d .  In v i t r o  s t u d i e s  ( N i c o l l ,  1975;  S i l b e r g e f d  
e t  a l  , 1980 ) have d e m o n s t r a t e d  t h a t  ALA i s  c a p a b l e  o f
d i s p l a c e m e n t  o f  GABA f r om sy nap t osoma l  membranes b u t  t h a t  
i t  i s  c o n s i d e r a b l y  l e s s  p o t e n t  t han  GABA. T h i s  d a t a  would  
s u gg es t  t h a t  l e v e l s  o f  ALA l i k e l y  t o  be obser ved  d u r i n g  
lead e x p o s u r e  p r o b a b l y  f a l l  s h o r t  o f  t h o s e  r e q u i r e d  t o  be 
c o m p e t i t i v e .  More p l a u s i b l y ,  t h e  r o l e  f o r  ALA in  i n i t i a t i n g  
the  n e u r o t o x i c i t y  o f  l ead  e xposur e  may w e l l  be t h r o u g h  i t s  
a c t i o n  t o  reduce  GABA r e l e a s e  v i a  t he .  p r e s y n a p t i c  n e g a t i v e  
fe ed bac k  mechanism wh i ch  o p e r a t e s  on GABAergic ne rve  
t e r m i n a l s .
A n o t h e r  p o s s i b i l i t y  e x i s t s  in  t h a t  t h e  key f a c t o r
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i n v o l v e d  i n  t h e  n e u r o t o x i c  m a n i f e s t a t i o n s  o f  l ead  e x p o s u r e ,  
are r e l a t e d  t o  a r e d u c t i o n  i n  haem, r a t h e r  t ha n  an e f f e c t  
o f  ALA, Lead i s  a s s o c i a t e d  w i t h  a r e d u c t i o n  i n  h e p a t i c  
h a e m - r e q u i r i n g  enzyme s ys te m,  t r y p t o p h a n  p y r r o l a s e  v i a  a 
r e d u c t i o n  i n  t h e  h e p a t i c  f r e e  haem p o o l .  T h i s  r e s u l t s  i n  a 
s i g i n i f i c a n t  r i s e  in  b r a i n  t r y p t o p h a n ,  5 - h y d r o x y t r y p t o p h a n  
and 5 - h y d r o x y i n d o l e a c e t i c  a c i d  ( L I tma n  & C o r r e i a ,  1983)  
which a re  a l l  c o r r e c t a b l e  by i n i t i a t i n g  haem i n f u s i o n s .
Whether  o r  n o t  t h e  o b se r ve d  s t i m u l a t i o n  o f  ALA s y n t h a s e  
a c t i v i t y  i s  due t o  a d i r e c t  a c t i o n  o f  l ead i s  under  d e b a t e .  
Th i s  i n d u c t i o n  o f  ALA s y n t ha se  obser ved  d u r i n g  l ead  
e x p o s u r e ,  may r e s u l t  f r om  an i n c r e a s e d  demand f o r  haem 
which  i s  n e c e s s a r y  f o r  haemog l ob i n  and o t h e r  h a e m o p r o t e i n s , 
o r  i t  may be due t o  a p r i m a r y  a c t i o n  o f  l ead  on t h e  enzyme.  
Whatever  t h e  mechanism t h e  consequence i s  a p r o d u c t i o n  o f  
ALA. P a t i e n t s  w i t h  i r o n - d e f i c i e n t  and m e g a l o b l a s t i c  anaemia 
have been o b s e r v e d  t o  e x h i b i t  an i n c r e a s e d  c o n c e n t r a t i o n  o f  
ALA i n  b l o o d  a l t h o u g h  t h e  a c t i v i t y  o f  ALA d e h y d r a t a s e  was 
noted  t o  be d e c r e a se d  (Campbe l l  1 9 7 7 b ) .  N o t i n g  t h e s e
o b s e r v a t i o n s  i t  i s  most  p o s s i b l e  t h a t  t h e  r i s e  in ALA was 
due t o  t h e  enhanced a c t i v i t y  o f  ALA s y n t h a s e  s t i m u l a t e d  by 
t he  l a c k  o f  haem. Thus perhaps  t he  same mechanism i s  i n  
o p e r a t i o n  i n  l ead  e x p o s u r e .
Consumpt i ve  d e p l e t i o n  o f  p y r i d o x a l  phospha te  due t o  
i n d u c t i o n  and o v e r a c t i v i t y  o f  ALA s y n t h a s e  m i g h t  a l s o  
accoun t  f o r  l ead  n e u r o p a t h y ,  b u t  as y e t ,  no e v i d e n c e  i s  
a v a i l a b l e  t o  c o n f i r m  o r  r e f u t e  t h i s  h y p o t h e s i s .  However ,  i f  
c o n f i r m e d ,  l ead  n e u r o p a t h y  would n o t  be a lo ne  i n  a 
n e u r o l o g i c a l  p a t h o l o g y  i n v o l v i n g  p y r i d o x a l  p hos p ha te
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d e f i c i e n c y ,  o t h e r  p r oposed examples  b e i ng  A IP ,  i s o n i a z i d  
t h e r a p y  and a l c o h o l i s m .
I t  must  be no te d  however  t h a t  a f u n d a m e n t a l  d i f f e r e n c e  
e x i s t s  between t h e  two p a t h o l o g i e s ,  l ead p o i s o n i n g  and AIP.  
Whereas in AIP t h e  i n c r e a s e  in  ALA s y n t h a s e  marks t h e  
b e g i n n i n g  o f  an e p i s o d e  o f  a t t a c k ,  t h i s  same l e s i o n  i s  
p r o b a b l y  t h e  r e s u l t i n g  co mp en s a t o r y  end s ta g e  o f  l ead 
po i son i ng .
A l t h o u g h  s t u d i e s  have no ted  an enhanced a c t i v i t y  o f  ALA 
S in  b l o o d  o f  l e a d , e x p o s e d  s u b j e c t s ,  t h e r e  i s  no a v a i l a b l e  
da ta  r e l a t i n g  t o  l e v e l s  o f  a c t i v i t y  o f  t h i s  enzyme in 
t i s s u e .  Our s t u d y ,  t h e  r e s u l t s  o f  wh i ch  are  r e p o r t e d  in 
t h i s  c h a p t e r ,  measured a c t i v i t y  o f  ALA S in  whole r a t  
b r a i n .  Ta b le  7 .3  d e m o n s t r a t e s  t h a t  no s i g n i f i c a n t  
a l t e r a t i o n s  were no ted  in t h i s  p a r a m e t e r  a t  4 l e v e l s  o f  
l ead e x p o s u r e  compared t o  unexposed a n i m a l s .  T h i s  
o b s e r v a t i o n  does n o t  however  i m p l y  t h a t  l e v e l s  o f  ALA were 
no t  e l e v a t e d  i n  t h e s e  r a t  b r a i n s .  The s t a n d a r d  d e v i a t i o n s  
p r e s e n t e d  i n  t a b l e  7 .3  i n d i c a t e  t he  l a r g e  range o f  
a c t i v i t i e s  o f  ALA S measured in  t h e  b r a i n s .  Most p r o b a b l y  a 
very  l a r g e  number o f  a n im a l s  would r e q u i r e  t o  be i n c l u d e d  
in each s t u d y  group  in  o r d e r  t o  i d e n t i f y  any s i g n i f i c a n t  
d i f f e r e n c e s  i n  ALA S a c t i v i t y  i f  i t  were t o  be f o u nd .  The 
data does n o t  p r e c l u d e  an i n c r e a s e  in ALA o c c u r r i n g  in t h e  
b r a i n  as a r e s u l t  o f  l ead e x p o s u r e .  A d d i t i o n a l l y ,  i f  t h e  
a c t i v i t y  o f  ALA D, a s e n s i t i v e  enzyme t o  t h e  a c t i o n  o f  
l e a d ,  were d epr ess ed  then  haem a v a i l a b i l i t y  may be reduced 
but  t o  a degr ee  i n s u f f i c i e n t  t o  cause a f ee db ac k  
enhancement  o f  ALA S a c t i v i t y .
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Although it is well established that lead exposure 
results in a reduction in ALA D activity at least in the 
blood of exposed subjects (Meredith ^  1979), it is
almost certain that ALA D has the capacity to be reduced 
to a considerable degree before alterations in haem 
production begin to occur. If this were indeed the case 
then it is quite possible that no compensatory increase 
in ALA S would be noted, either in the blood of exposed 
animals or humans, or in the brain of experimental rats 
if lead is having an effect on haem biosynthesis in situ 
within the brain of such animals. One must also consider 
the data presented in this chapter in the light of the 
results obtained in previous chapters in the cholinergic, 
catecholaminergic and biopterin systems. The results noted 
in these previous sections indicate a specific effect of 
lead within only 2 of the 4 brain regions under study# This 
chapter investigates the activity of ALA S following lead 
exposure in the rat brain as a whole and therefore the 
possibility must be considered that lead may cause changes 
in ALA S activity either directly or indirectly, but that 
they are cancelling each other out when the brain as a
whole is investigated.
In conclusion, the data presented in this chapter would 
not provide any evidence in support of a role of ALA in 
relation to the neurotoxic action of lead, but as discussed 
above the n o n - significant observations do not rule out such 
an association.
ox:/
CHAPTER 8
GENERAL DISCUSSION
The s t u d i e s  per formed in o r de r  t o  compi le  t h i s  t h e s i s  
have been d i v e r s e  and covered a range o f  aspects  o f  the  
p o s s i b l e  n e u r o t o x i c  e f f e c t s  o f  l ead.  A l though t h e re  has 
been a genera l  r e d u c t i o n  in the l e v e l  o f  lead exposure
w i t h i n  t he  p o p u l a t i o n  as a whole,  t h e re  s t i l l  remain
c e r t a i n  i n d i v i d u a l s  who are exposed to  s i g n i f i c a n t  
q u a n t i t i e s  o f  lead v i a  one source or  ano the r .  Wi th 
p a r t i c u l a r  r egard  t o  the n e u r o to x i c  e f f e c t s ,  the younger  
members o f  t he  p o p u l a t i o n  are e s p e c i a l l y  at  r i s k .  L o c a l l y
in Glasgow, t r a d i t i o n a l l y  a r eg ion  o f  h igh lead exposu re ,
the main source be ing the d r i n k i n g  wate r  su p p l i e d  f rom Loch 
K a t r i n e  in  the  Trossachs ,  t h e re  has been a g r e a t  
improvement  w i t h  regard  t o  the q u a n t i t y  o f  lead t o  which 
the p o p u l a t i o n  i s  exposed.  The data p resen ted  in c h a p te r  3 
i n d i c a t e s  t he  s i g n i f i c a n t  r e d u c t i o n  in wate r  lead which can 
be ach ieved by the r e l a t i v e l y  i ne xpe ns i ve  measures" o f  
r a i s i n g  the  pH o f  the wate r  and t hus  reduc in g  
p l u m b o s o l v e n c y B y  these means, the  lead exposure o f  the  
p o p u l a t i o n  o f  a c i t y  can d r a m a t i c a l l y  be reduced.  Of 
cou rse ,  t h i s  i s  a t ech n iqu e  which w i l l  on l y  be o f  va lue  in 
a p o p u l a t i o n  in whom a major  pe rcentage of  t he  lead 
exposure i s  d e r i v e d  f rom water  and t o  a c e r t a i n  e x t e n t  food 
cooked in such wa t e r .  Glasgow conforms t o  t h i s  p i c t u r e  very  
w e l l  as do o t h e r  areas in the West o f  S c o t l an d ,  and indeed 
Wales where a s i g n i f i c a n t  r e d u c t i o n  in lead exposure l e v e l s  
can be ach ieved by s i m i l a r  water  t r e a t m e n t .  However,  i t  
must be remembered t h a t  t h e re  s t i l l  remains a p r o p o r t i o n  
o f  the p o p u l a t i o n  who w i l l  s t i l l  be at  r i s k  o f  lead 
exposure even a f t e r  such t r e a t m e n t ,  and i t  i s  t h i s  group
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which one shou ld  c o n c e n t ra te  on t o  reduce t h e i r  exposure by 
a l t e r n a t i v e  means.
Amongst t he  numerous ac t i o n s  o f  lead upon the  human body 
the most p o o r l y  unders tood is  t h a t  a f f e c t i n g  the nervous 
system. Tu rn ing  t o  the  s p e c i f i c  n e u r o t o x i c  e f f e c t s  at  the  
m o le cu la r  l e v e l ,  d e s p i t e  many years  o f  modern s o p h i s t i c a t e d  
t echn iques  the  o l d  say ing of  Tanquerel  de Planches s t i l l  
holds t r u e  -
' . . . .  bu t  we can see t h i s  damage on l y  t h rough i t s  symptoms 
and n i l  t h ro u g h  i t s  anatomy'
and t oday  many years  on,  h i s  words are be ing repeated -
' t h e  n e u r o t o x i c  e f f e c t s  o f  lead can occur  be fo re  
h i s t o p a t h o 1o g i c a 1 a l t e r a t i o n s  are e v i d e n t '
- S i l b e r g e l d  & H ru sk a , 1980
A l t hough  p a t h o l o g i s t s  and e l e c t r o p h y s i o l o g i s t s  r e p o r t  
damaged neurona l  axons and mye l i n  sheaths as a r e s u l t  o f  
lead p o i s o n i n g ,  i t  i s  undoubted l y  the  b i o ch e m is t  who^ w i l l  
p rov i de  t he  answer t o  the  p r ima ry  cause of- lead neu ropa thy .  
Great e f f o r t  must be expended, t o  i d e n t i f y  b i ochem ica l  
l e s i o n s  which express themselves c l i n i c a l l y  p r i o r  t o .
p a t h o l o g i c a l  a l t e r a t i o n s .  I t  i s  g e n e r a l l y  accepted- t h a t  the  
severe neu ra l  damage due to  lead po i s on i ng  may be
i r r e v e r s i b l e .  I t  i s  p r e c i s e l y  t h i s  i r r e v e r s i b i l i t y  wh i ch ,  
i f  i t  a l s o  a p p l i e s  t o  the more s u b t l e  neura l  e f f e c t s  o f  
l ead ,  has g i ven  r i s e  t o  the concern about  the  exposure o f  
young c h i l d r e n ,  who a re e s p e c i a l l y  s u s c e p t i b l e  t o  lead in 
the en v i r onm en t  due t o  t h e i r  g r e a t e r  i n t a k e  o f  lead both 
f rom the d i e t  and atmosphere per  u n i t  o f  body w e i g h t ,  and 
t h e i r  enhanced a b s o r p t i o n  by compar ison w i t h  a d u l t s .
A f undamenta l  assumpt ion t o  the d i s c u s s io n s  conce rn ing  
the mechanisms o f  lead n e u r o t o x i c i t y  i s  t h a t  lead does not
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 ^ Use fu l  r o l e  in normal  c e l l  b i o c h e m is t r y  or
p h y s i o l o g y ;  t o  da te  no f u n c t i o n  has been de s c r i b e d .  Bear i ng
t h i s  assumpt i on in  mind,  the no t i o n  o f  a ' n o - t h r e s h o l d
l e v e l '  f o r  t he  n e u r o t o x i c  e f f e c t s  of  lead i s  not  hard t o
comprehend. Th is  i s  in c o n t r a s t  to  o t h e r  meta l s  such as
copper which can be c l a s s i f i e d  e i t h e r  as a t r a c e  metal  o r  a
n e u r o to x i n  depending on i t s  c o n c e n t r a t i o n .  A l though an
anc ien t  p rob lem,  the i n t e r e s t  in lead t o x i c i t y  remains to
the f o r e  t oday  f o r  many reasons.  Where lead i s  concerned,
t he re  i s  l ess  than an o r de r  o f  magni tude se p a ra t i n g  those
l e v e l s  commonly proposed t o  be t o x i c  and t he  c o n c e n t r a t i o n s
observed in  t he  genera l  p o p u l a t i o n .  There remains a
s c i e n t i f i c  d e s i r e  t o  e l u c i d a t e  the s p e c i f i c  s i - t e ( s )  and
mode(s) o f  a c t i o n  o f  t he  n e u r o to x i c  a c t i o n  o f  l ead.  Oh the
o t h e r  hand,  a more r e c en t  i n t e r e s t  has emerged; t h a t  o f - a
t h r e s h o l d  o f  e f f e c t  and an i n t e r e s t  in so c a l l e d  ' l o w ,
s u b c l i n i c a l  ' e n v i r o n m en ta l  l e v e l s  o f  lead p r e v i o u s l y
cons idered  s u b t o x i c .  Prog ress ion  t h rough the t w e n t i e t h
cen tu ry  has seen changes in the h i s t o r y  o f  lead neuropa thy .
I nc r eas in g  concern over  the d e l e t e r i o u s  n e u r o t o x i c  e f f e c t s
of  lead have r e s u l t e d  in  the near  e r a d i c a t i o n  of  c h r o n i c
o c c u pa t i o na l  and n o n -o c c u p a t i o n a 1 exposure to  the m e ta l .
Today, o v e r t  lead po i s on in g  is  a r a r i t y  by compar ison w i t h
the p a s t .  Lead a t  a r e l a t i v e l y  high body burden no doubt
causes en cepha lopa thy  but  s u s c e p t i b i l i t y  between
i n d i v i d u a l s  i s  e x t r e m e l y  v a r i a b l e  (Winder  & K i t c he n ,  1984) .
The presence o f  lead w i t h i n  the  human body has been
adequate ly  demonst ra ted  w i t h  the s e n s i t i v e  d e t e c t i o n
methodology a v a i l a b l e  t oday .  What i s  q u e s t i o n a b l e  i s  the
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degree o f  lead burden r e s p o n s i b l e  f o r  p a t h o l o g i c a l  
seque lae .
S i l b e r g e l d  (1982)  proposed 3 bas i c  p r i n c i p l e s  w i t h  
regard t o  lead n e u r o t o x i c i t y . F i r s t l y ,  the  a l t e r a t i o n s  in 
neura l  f u n c t i o n i n g  are observed p r i o r  t o  neurop’a t h o l o g i c a  1 
damage, as was noted by Tanquerel  de Planches;  Second l y ,  
the v a r i o u s  n e u r o t o x i c  e f f e c t s ,  which are sUlL unce .TW( i ,  
are s p e c i f i c  f o r  d i f f e r e n t  n e u r o t r a n s m i t t e r  pathways w i t h i n  
the c e n t r a l  and p e r i p h e r a l  nervous systems;  and t h i r d l y ,  
these s p e c i f i c  t r a n s m i t t e r  r e l a t e d  e f f e c t s  r e s u l t  f rom 
h i g h l y  s p e c i f i c  e f f e c t s  o f  lead on i o n i c  mechanisms o f  
n e u r o t r a n s m i s s i o n , such as enzyme r e g u l a t i o n ,  t r a n s p o r t  
p r ocesse s ,  p h o s p h o r y l a t i o n  or  t r a n s m i t t e r  r e l e a s e .  Once the 
metal  e n t e r s  the  body compartments i t  i s  d i f f i c u l t  t o  
remove s i n c e  t h e r e  i s  no b i ochem ica l  mechanism p resen t  f o r  
i t s  cLe^LTôLfxcQ..
A l though  i t  i s  p e r f e c t l y  j u s t i f i a b l e  t o  propose t h a t
e l e v a t ed  l e v e l s  o f  env i r onmen ta l  lead r e s u l t i n g  in exposure
to  the meta l  f o r  a l en g th y  pe r i od  o f  t ime  may r e s u l t  in
mental  r e t a r d a t i o n ,  i n t e l l i g e n c e  and /o r  p s y c h o l o g i c a l
impa i rme n t ,  h y p e r a c t i v i t y  and o t h e r  be ha v i o u r a l  changes,
t h i s  h y p o t h e s i s  has not  been i n c o n c l u s i v e l y  proven.  N e i t h e r
have the  neurochemica l  a l t e r a t i o n s  caused by lead been
e l u c i d a t e d  and matched w i t h  the asso c ia te d  n e u r o l o g i c a l
impa i rmen t .  I t  i s  however ,  most p r oba b l y  the case t h a t  the
t o x i c  ac t  i o n ( s )  o f  lead on b r a i n  b i o c h e m i s t r y  are s p e c i f i c
to  each p a r t i c u l a r  neurochemica l  pathway and vary between
each an a tom i ca l  b r a i n  r e g i on .  Cu r ren t  i n v e s t i g a t i o n s  i n t o
the n e u r o t o x i c  a c t i o n  o f  lead can be d i v i d e d  i n t o  two
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spheres ;  F i r s t l y ,  t h e r e  are the numerous e p i d e m i o l o g i c a l
s t u d i e s  on c h i l d r e n  be ing per formed a l l  over  the w o r l d ,  and
Second l y ,  the  l a b o r a t o r y  animal  s t u d i e s  a t t e m p t i n g  t o
i d e n t i f y  a b i o che m ic a l  l e s i o n .  I t  i s t h i s  second t ype  o f
s tudy  w i t h  which t h i s  t h e s i s  i s  concerned.  A l though the
e p i d e m i o l o g i c a l  research  s t u d i e s  g e n e r a l l y  employ I .Q .
t e s t s  which are r e l i a b l e ,  we l l  s t a n da rd i s ed  t e s t s  used in
both the  e d u c a t i o n a l  and c l i n i c a l  f i e l d s ,  t h e re  i s  an
i n h e r e n t  problem in t h i s  t ype o f  r ese a rc h .  No d e f i n i t i v e
means i s  a v a i l a b l e  t o  dec ide whether  an observed
s t a t i s t i c a l  a s s o c i a t i o n  between an env i r onmen ta l  f a c t o r ,
such as lead exposure ,  and a measure o f  he a l t h  outcome, f o r
example I . Q .  d e f i c i t  i s  due t o  a cause and e f f e c t
r e l a t i o n s h i p .  The i nvo lvemen t  o f  a t h i r d  f a c t o r  l i n k i n g  t he
two cannot  be d e f i n i t i v e l y  r u l ed  "out .  The m a j o r i t y  o f
s t u d i e s  i n v o l v e  the  measurement o f  c o g n i t i v e  or  mental
d é f i c i e n c e s  o r  s e n s o r y - m o t o r ,  t h a t  i s  c o - o r d i n a t i o n
d e f i c i e n c i e s  at  a degree o f  lead exposure termed ' l o w -
l e v e l '  o r  a l t e r n a t i v e l y  ' s u b - c l i n i c a l ' ,  a phrase which i s
inadequate  and indeed s e l f - c o n t r a d i c t o r y .  Cons ide rab le
v a r i a t i o n  e x i s t s  between i n d i v i d u a l  c h i l d r e n  f o r  any
n e u r o p s y c h o l o g i c a l  m e a s u r e m e n t  and  c o n s e q u e n t l y  a n y
proposed s tudy  must r e c r u i t  a l a rge  number o f  c h i l d r e n  in
o r d e r  t o  o v e r c o m e  t h e  n a t u r a l  s c a t t e r  o f  b e h a v i o u r  o r
a b i l i t y  a n d  d e t e c t  a n y  s m a l l ,  b u t  n e v e r t h e l e s s  i m p o r t a n t
a s s o c i a t i o n  w i t h  l ead .  A complex i n t e r - r e l a t i o n  e x i s t s  in
d e t e r m i n i n g  a c h i l d ' s  b e h a v i o u r  and  i n t e l l i g e n c e  i n v o i v i n g
h e r e d i t a r y  f a c t o r s  and a wide range o f  env i r onmen ta l
i n f l u e n c e s .  O v e r  and  a b o v e  t h i s  v a r i a t i o n  i n  a c h i l d  s
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a b i l i t y  t h e r e  i s  a v a r i a t i o n  in s u s c e p t i b i l i t y  t o  lead 
e x i s t i n g  w i t h i n  t he  p o p u l a t i o n ,  and indeed even w i t h i n  a 
group o f  c h i l d r e n  o f  s i m i l a r  age. A v a r i e t y  o f  
p h y s i o l o g i c a l  f a c t o r s  come i n t o  p l ay  in de te r m in in g  t he  
d e t r i m e n t a l  e f f e c t  o f  a s p e c i f i c  dose o f  lead on a 
p a r t i c u l a r  c h i l d ,  a f e a t u r e  we l l  desc r i bed  by Dickens in 
the l a s t  c e n t u r y  -
'Some o f  them gets l ead-p isoned  soon, and some o f  them 
gets l e a d - p i s o n e d  l a t e r ,  and some, but  not  many, n i v e r ;  and 
' t i s  a l l  ac c o rd in g  t o  the c o n s t i t o o s h u n ,  su r ;  and some 
c o n s t i t o o s h u n s  i s  s t r ong  and some is  weak'
The Uncommercial  T r a v e l l e r  
Char les D i ckens,  1868.
The da ta  o b ta i n e d  f rom such p o p u l a t i o n  s t u d i e s  per formed 
p r i o r  t o  1980 has been e x t e n s i v e l y  reviewed by a DHSS
work ing p a r t y  o f  12 s c i e n t i s t s ,  _set up in 1978 under the  
l e a d e r s h i p  o f  P ro fe s s o r  P a t r i c k  Lawther (DHSS, 1980).  I t s  
terms o f  r e f e r e n c e  were to  rev iew the o v e r a l l  e f f e c t s  on 
hea l t h  o f  en v i r o n m en ta l  lead f rom a l l  sou rces ,  and in 
p a r t i c u b a r  i t s  e f f e c t s  on the h e a l t h  and development  o f  
c h i l d r e n ,  and t o  assess the  c o n t r i b u t i o n  lead in p e t r o l  
makes t o  t he  body burden.  No d e f i n i t e  con c l us i o n s  were
re co gn i s ed .  Subsequent  data was then cons ide red  by the  MRC 
who were asked by the DHSS in 1983 f o r  adv i ce  on the
v a l i d i t y  and i n t e r p r e t a t i o n  o f  the r e s u l t s  on research  on 
n e u r o p s y c h o l o g i c a l  e f f e c t s  o f  lead in c h i l d r e n  (MRC, 1983) .  
The MRC lead a d v i s o r y  group noted s i g n i f i c a n t  lead r e l a t e d  
e f f e c t s  o b ta i n e d  o u t s i d e  the Uni ted Kingdom buu d i smissed 
the data on the grounds t h a t  the s tu d i e s  e x h i b i t e d  
m e th o d o l o g i c a l  d e f i c i t s  ( E r n h a r t ,  Landa & S c h e l l ,  1981, 
McBr ide,  Blank & E n g l i s h ,  1981; Thatcher  £t_aj_,  1982 ) but
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tended t o  come down on the s ide of  a 'no d e t r i m e n t a l  lead 
r e l a t e d  e f f e c t s ' ,  a con c lus i on  de r i v e d  f rom s t u d i e s  
per formed in the  U.K. (Smi th e t  £l_, 1 983; Harvey e t  aj_,
1984; Yule e t  1 984 ).
A ma jo r  drawback in the  e l u c i d a t i o n  o f  the n e u r o t o x i c  
a c t i o n  o f  lead in  man i s  t h a t  we must depend on animal  
e x p e r i m e n t a t i o n  in o r de r  to  i n v e s t i g a t e  the  s i t e  and mode 
of  a c t i o n  a t  t he  m o le c u la r  l e v e l .  Var ious enzyme systems 
are s e n s i t i v e  t o  the  a c t i o n  o f  l ead;  n o t a b l y ,  the enzymes 
of  t he  haem b i o s y n t h e t i c  pathway,  p a r t i c u l a r l y  ALA
de hy d r a ta s e ;  and those  i nvo l ved  in t e t r a h y d r o b i o p t e r i n  
me tabo l i sm .  There i s  a vast  wea l t h  o f  data in the  
l i t e r a t u r e  i n v e s t i g a t i n g  the b i ochem ica l  a b e r r a t i o n s  caused 
by lead w i t h i n  t he  b r a i n .  Var ious s t u d i e s  have been
per formed m o s t l y  in r o d e n t s , c o n c e n t r a t i n g  on the
c h o l i n e r g i c ,  c a t e c h o l a m i n e r g i c /  GABAergic,  o p i o i d  and
t r y p t a m i n e r g i c  n e u r o t r a n s m i t t e r  systems.  In a d d i t i o n ,  more 
r e c e n t l y  l e v e l s  o f  v a r i o us  amino a c i d s ,  i n c l u d i n g  those now 
cons ide r ed  p u t a t i v e  n e u r o t r a n s m i t t e r s  have been s t ud ied  in 
-lead dosed ro d e n t s .  Data to  date has cen t red  on g l u ta m a te ,  
a s p a r t a t e ,  g l u t a m i n e ,  t y r o s i n e ,  p r o l i n e ,  g l y c i n e ,  
p h e n y l a l a n i n e  and l e u c i n e .  However, the vast  m a j o r i t y  o f  
data i s  concerned w i t h  the c h o l i n e r g i c ,  c a t e c h o la m i n e r g i c  
and GABAergic systems.  The l i t e r a t u r e  i s  c o n t r a d i c t o r y  w i t h  
regard t o  a l l  o f  these systems and the reason f o r  t h i s  must
be sought  i f  any p rogress  is  t o  be made in e l u c i d a t i n g  the
n e u r o t o x i c  e f f e c t s  o f  lead at  the b iochem ica l  l e v e l .  Most
c e r t a i n l y ,  t he  use o f  d i f f e r e n t  exposure l e v e l s ,  t ime O!
Exposure,  age,  sex and species o f  an i ma l s ,  must a l l
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c o n t r i b u t e  t o  the  d i s p a r i t y  between data in the  l i t e r a t u r e .
P a r t i c u l a r l y  i m p o r ta n t  w i t h  regard to c h o l i n e r g i c  e f f e c t s
o f  lead i s  the  method o f  s a c r i f i c e  at  the  end o f  the
animals  exposure  p e r i o d .  Con s ide ra t i on  o f  the  data as a
whole r e v e a l s  a genera l  downgrading o f  the c h o l i n e r g i c
lead.
system w h i l e  c a t e c h o la m i n e r g i c  a c t i v i t y  i s  enhanced^ The
data o b ta i n e d  in cha p t e r  4 would c e r t a i n l y  s u b s t a n t i a t e  an
e f f e c t  o f  lead on c h o l i n e r g i c  nervous f u n c t i o n  but  the
s p e c i f i c  e f f e c t  remains e l u s i v e .  The a c t i o n  is  a lmost
c e r t a i n l y  r e g i o n a l l y  s p e c i f i c  w i t h i n  the b ra i n  and not  a
g e n e r a l i s e d  a c t i o n .  The enhanced a c t i v i t y  o f  c h o l i n e
when related to protein content
a c e ty l  t r a n s f e r a s e n o t e d  in the d i encepha lon  may wel l  be a
compensatory e f f e c t  as a r e s u l t  o f  a p r ima ry  a c t i o n  o f  
l ea d ;  i t  i s  u n l i k e l y  t o  be a d i r e c t  s t i m u l a t o r y  e f f e c t  o f  
lead on t he  enzyme i t s e l f  a l t hough t h i s  p o s s i b i l i t y  must 
not  be i g n o re d .  On the  o th e r  hand, the dep ress ion  in 
enzymat i c  a c t i v i t y  observed in the m idb ra in  may e i t h e r  be a 
d i r e c t  e f f e c t  o f  the  meta l  or  secondary to  another  a c t i o n ,  
which i s  as y e t  unknown. The p o s s i b l e  i n f l u e n c e  o f  lead on 
c h o l i n e r g i c  metabo l i sm w i l l  r e q u i r e  t o  remain u n c e r t a i n  at  
p resen t  and most c e r t a i n l y  a g r ea t  deal  o f  work w i l l  be 
necessary  i n  o r d e r  t o  i d e n t i f y  the s p e c i f i c  b iochemica l  
e f f e c t  o f  lead on c e n t r a l  c h o l i n e r g i c  me tabo l i sm.  Inc luded  
in these p o s s i b l e  c h o l i n e r g i c  e f f e c t s  o f  lead must be an 
i n f l u e n c e  on g l ucose metabol i sm r e s u l t i n g  in a l t e r e d  
a v a i l a b i l i t y  o f  p r e c u r s o rs  f o r  a c e t y Icfeo1i ne s y n t h e s i s ,  
n o ta b l y  acetyIcoenzyme A which i s  de r i v ed  by way o f  the  
g l y c o l y t i c  m e ta b o l i c  pathway.  Evidence is  accumu la t ing  l O 
suggest  a l i n k  between energy p ro d u c t i o n  o f  some s o r t  and a
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c h o l i n e r g i c  e f f e c t  o f  l ead.
There i s  even more data a v a i l a b l e  concern ing  the
c a t e c h o l a m i n e r g i c  nervous system. I t  i s  not  p o s s i b l e  t o  
de te rmine  f rom the exper iments  per formed in chap te r  5 as 
t o  whe ther  t he  observed lead r e l a t e d  a l t e r a t i o n s  in 
c a t e c h o l a m i n e r g i c  system are r e l a t e d  t o  the  known e f f e c t s  
on t e t r a h y d r o b i o p t e r i n  metabo l i sm.  The e f f e c t s  of  lead on 
both systems appear to  be complex and vary depending on the 
dose and d u r a t i o n  o f  exposure.  C e r t a i n l y  the  data c o l l e c t e d  
in t h i s  t h e s i s  i s  not  in d i s p u t e  w i t h  the s t u d i e s  in the 
l i t e r a t u r e  which show g re a t  d i s p a r i t y  in r e s u l t s  between 
the v a r i o u s  resea rch  groups.  I t  i s thus e v i d e n t  t h a t  w i t h  
regard  t o  the  c a t e c h o 1 aminerg ic  system o n l y  a t r u e  
compar ison can be made between s tu d i e s  employ ing s i m i l a r  
c o n d i t i o n s  o f  exposure.  C e r t a i n l y  an e f f e c t  of .  lead even at  
r e l a t i v e l y  low l e v e l s  o f  exposure on c a t e c h o 1 am ine rg i c  
f u n c t i o n  i s  con f i rmed  by the data p resen ted  in  cha p te r  5. 
I t  i s  i m p o r t a n t  however t o  d i s re g a rd  those s t u d i e s  in the  
l i t e r a t u r e  in which the  data ob ta i ned  may be com p l i ca ted  by 
the  presence o f  non- lead  v a r i a b l e s  i n f l u e n c i n g  the measured 
pa rame ters .  Most i m p o r t a n t l y ,  the presence o f  unde r ­
n u t r i t i o n  in the  animals  must be noted i f  i t  occurs as a 
r e s u l t  o f  lead exposure .  Stud ies  where the an imals are 
un d e r -n o u r i s h e d  should be i n t e r p r e t e d  w i t h  g r ea t  c a u t i o n  
s i nce t hose  e f f e c t s  may i n f l u e n c e  c a te c h o la m i n e r g i c  
f u n c t i o n  and subsequen t l y  be a t t r i b u t e d  t o  the  e i i e c t  o f  
lead.
Whether t h e r e  are seve ra l  p r imary  s i t e s  o f  a c t i o n  o f  the 
metal  remains t o  be e l u c i d a t e d .  The data p resented in
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c h a p te r  5 shows lead r e l a t e d  a l t e r a t i o n s  in  
c a t e c h o l a m i n e r g i c  f u n c t i o n  being m a n i f e s t  in seve ra l  
parameters  such as l e v e l s  o f  the  ca techo lamines  themsel ves ,  
n o r a d r e n a l i n e  and dopamine,  a c t i v i t y  o f  the  ra te  l i m i t i n g  
enzyme o f  the  s y n t h e t i c  pathway t y r o s i n e  h y d ro x y la se ,  o r  in 
PNMT a c t i v i t y  the  enzyme re s p o n s i b l e  f o r  f o r m a t i o n  o f  
a d r e n a l i n e .  There may be on l y  one p r imary  s i t e  of  a c t i o n  
f o r  lead and a l l  these noted a l t e r a t i o n s  are ob s e rv a t i o n s  
r e s u l t i n g  f rom t h i s  one a c t i o n ,  or  a l t e r n a t i v e l y ,  m u l t i p l e  
t a r g e t  s i t e s  f o r  lead on t h i s  system may e x i s t .  Over and 
above,  a l t e r a t i o n s  t o  t h i s  r e l a t i v e l y  complex pathway at  
one s i t e  may lead to  compensatory changes in o r d e r  t o  
m a in ta i n  t he  l e v e l s  o f  n e u r o t r a n s m i t t e r s  w i t h i n  opt imum 
range.  I t  i s  i m p o r t a n t  to  ma in ta i n  the c o n c e n t r a t i o n  of
n o r a d r e n a l i n e  and o t h e r  ca techo lamines  at  an op t ima l  l e v e l  
s i nce  t h e y  : p l ay  . an i m p o r t a n t  r o l e  in b r a i n
n e u r o t r a n s m i s s i o n .
The observed a l t e r a t i o n s  in c a te c h o la m i n e rg i c  metabo l ism 
noted i n t h i s  t h e s i s  or  by o t h e r  w o r k e r s ,' may be r e l a t e d  to  
the a v a i l a b i l i t y  o f  the p t e r d i n e  c o f a c t o r  f o r  t y r o s i n e  and 
p h e n y l a l a n i n e  hy d ro x y l a se s ,  t e t r a h y d r o b i o p t e r i n .  The data 
p resen ted  i n  c ha p t e r  6 c l e a r l y  demonst ra tes  t h a t  lead does 
have a p ro found  e f f e c t  on t e t r a h y d r o b i o p t e r i n  me tabo l i sm,  
and indeed these  i n f l u e n c e s  are ev i d e n t  at  r e l a t i v e l y  low 
l e v e l s  o f  exposure s i nce  the data ob ta i ned  in man was
observed in  s u b j e c t s  not  s u f f e r i n g  f rom c l i n i c a l  lead
p o i s o n i n g .  The animal  s t u d ie s  revea l  t h a t  the e f f e c t s  o f  
lead are not  s imple and t h e re  are most p robab l y  m u l t i p l e  
s i t e s  o f  a c t i o n  which may depend on the dose or  d u r a t i o n  o f
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lead exposure .  What i s  c e r t a i n  however i s  t h a t  lead i s  
capable o f  i n t e r f e r i n g  w i t h  normal  t e t r a h y d r o b i o p t e r i n
a v a i l a b i l i t y  which may we l l  i n f l u e n c e  the  a c t i v i t y  o f
p h e n y l a l a n i n e  hyd roxy lase  and more i m p o r t a n t l y  t y r o s i n e  
h y d r o x y l a s e ,  t he  r a te  l i m i t i n g  enzyme o f  ca techo lamine  
s y n t h e s i s .  More knowledge concern ing  the f a c t o r s
c o n t r o l l i n g  t he  a c t i v i t y  o f  t y r o s i n e  hyd roxy lase  are
necessary  in o r d e r  to  ga in  an i n s i g h t  i n t o  the r e l a t i v e  
impor tance o f  t e t r a h y d r o b i o p t e r i n  c o n c e n t r a t i o n s  w i t h  
regard t o  c a t e c h o l a m i n e r g i c  n e u r o t r an s m is s io n .  In a d d i t i o n  
i t  should not  be f o r g o t t e n  t h a t  t e t r a h y d r o b i o p t e r i n  p l ays  
an e s s e n t i a l  r o l e  in de te rm in ing  the a c t i v i t y  o f  ano the r  
h y d r o x y l a t i o n  enzyme, t r yp to p ha n  hy d r oxy la se .  To da te ,  o n l y  
l i m i t e d  rese a rc h  i n t o  the p o s s i b l e  e f f e c t s  o f  lead on 
t r y p t a m i n e r g i c  n e u r o t r an sm is s io n  has taken p l ac e ,  and the 
impor tance o f  the  r o l e  o f  the c o f a c t o r  t e t r a h y d r o b i o p t e r i n
in monoamine t r a n s m i t t e r  systems remains u n c l e a r .
T e t r a h y d r o b i o p t e r i n  may we l l  p r o v i d e - a  l i n k  r e ga rd ing  the 
n e u r o t o x i c  a c t i o n  o f  lead on two c e n t r a l  n e u r o t r a n s m i t t e r  
pathways,  t he  ca te cho l  aminerg i c  and the t r y p t a m i n e r g i c
systems.  Wi th regard  t o  a l l  the n e u r o t r a n s m i t t e r  systems
s tu d ied  t h r o u g h o u t  t h i s  t h e s i s ,  s i g n i f i c a n t  changes in the
va r i ous  b i o ch em ic a l  parameters may not  have been noted
because any a l t e r a t i o n s  noted were too minor  t o  reach
s i g n i f i c a n c e .  The use of  h i gh e r  exposure l e v e l s  may or  may
not have r e s u l t e d  in a l t e r a t i o n s  reach ing  s i g n i f i c a n c e .  
However, dose s e l e c t i o n  must be per formed c a u t i o u s l y  s i nce  
at  h i g h e r  l e v e l s  o f  exposure n o n - s p e c i f i c  e f f e c t s  begin  to 
dominate,  a p r i n c i p a l  example being u n d e r n u t r i t i o n .  The
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data p resen ted  t h r o u g h o u t  t h i s  t h e s i s  i n d i c a t e s  t h a t  such 
e f f e c t s  have been l a r g e l y  e l i m i n a t e d .
S tud ies  have c l e a r l y  demonst rated t h a t  in immature 
an imals  e s p e c i a l l y ,  c h r o n i c  lead exposure a l t e r s  
c h o l i n e r g i c  and c a t e c h o la m i n e r g i c  f u n c t i o n i n g  (Shih & 
Hanin,  1978a) .  S i l b e r g e l d  has proposed ( S i l b e r g e l d  & A d l e r ,  
1978) t h a t  these e f f e c t s  are produced at  the s u b c e l l u l a r  
l eve l  t h ro ug h  some k ind  o f  i n t e r a c t i o n  between l ead ,  
ca l c i um and sodium,  perhaps w i t h  the m i t o ch on d r i o n  being a 
c r u c i a l  o r g a n e l l e  f o r  the observed e f f e c t s  ( S i l b e r g e l d  e t  
a l , 1978) .  In t h i s  t h e s i s  the data ob ta ined  w i t h  regard to
the n e u r o t r a n s m i t t e r  systems was l i m i t e d  t o  the  c h o l i n e r g i c  
and c a t e c h o l a m i n e r g i c  nervous systems as t ime was a 
l i m i t i n g  f a c t o r  in t h i s  r esearch .  However, a l though t h e re  
are lead r e l a t e d  changes o c c u r r i n g  w i t h i n  these two 
systems,  t hese  are most p robab l y  on l y  a c o n t r i b u t i n g  p a r t  
o f  the va s t  cong lomera te  o f  e f f e c t s  o f  the  n e u r o t o x i n .  The 
r e s t r i c t i o n  o f  i n v e s t i g a t i o n  which most o f  t he  data in the 
l i t e r a t u r e  i s  concerned w i t h  t o  c a t e c h o l a m i n e r g i c ,  
c h o l i n e r g i c  and GABAergic systems,  should not  be 
i n t e r p r e t e d  as im p l y i n g  t h a t  these systems are e i t h e r  the 
e x c l u s i v e  or  most s e n s i t i v e  f o r  the t o x i c  a c t i o n .  This 
development  p i c t u r e  i s  merely  the r e s u l t  o f  h i s t o r i c a l  
deve lopments .  Indeed,  data ob ta i ned by my own group,  
r e c e n t l y  p u b l i s h e d  and i nc l uded  in t h i s  t h e s i s ,  i n d i c a t e s  
t h a t  t he  t e t r a h y d r o b i o p t e r i n  me ta bo l i c  pathway i s  ex t reme ly  
s e n s i t i v e  t o  a l t e r a t i o n  by very low l e v e l s  o f  lead 
exposure.  Only r e c e n t l y  has t h i s  system been i n v e s t i g a t e d  
wi th  r egard  t o  t he  n e u r o t o x i c  mechanism o f  l ead.
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I n c r e a s i n g  data is  being accumulated concern ing  the  
e f f e c t  o f  lead on GABAergic t r a n s m i s s i o n .  S tud ies  have 
e i t h e r  i n v e s t i g a t e d  an e f f e c t  o f  lead on GABAergic
f u n c t i o n ,  o r  a l t e r n a t i v e l y ,  a r o l e  f o r  GABA has been 
proposed in a s s o c i a t i o n  w i t h  ALA. The haema topo ie t i c  system 
is most c e r t a i n l y  a l t e r e d  by lead.  ALA is g r e a t l y  i nc reased 
in lead exposure and i t  i s  proposed t h a t  i t  i s  t h i s  
compound t h a t  may we l l  ac t  as a f a l s e  t r a n s m i t t e r  at  the 
GABA r e c e p t o r  due t o  the s t r u c t u r a l  s i m i l a r i t i e s  between 
the two compounds ( N i c e l l ,  1 975 ; D i c h te r  et  1 977;
S i l b e r g e l d  & Lamon, 1980).  S i m i l a r l y  to  the o t h e r
n e u r o t r a n s m i t t e r  systems,  a v a i l a b l e  data on the GABAergic
system i s  no t  c o n s i s t e n t .  A l though some workers have 
observed no a l t e r a t i o n s  in f o r e b r a i n  GABA l e v e l s  (Sau e rh o f f  
& M i cha e l s on ,  1973) ,  o th e r  groups have noted a l t e r e d  
t r a n s m i t t e r  l e v e l s  in a d d i t i o n  t o  changes in seve ra l  o t h e r  
aspects  o f  GABAergic f u n c t i o n  i n c l u d i n g  va r i ous  enzymes 
( S i l b e r g e l d  e_t _al_, 1 979 ).  These a l t e r a t i o n s  in enzymat i c
a c t i v i t y  have not  however been con f i rmed by o t h e r  workers  
(Govoni  e t  aj_, 1980) a l t hough t h i s  group employed a lower  
dose o f  l ead .  I t  should be noted t h a t  where such 
a l t e r a t i o n s  are observed they are r e g i o n a l l y  s p e c i f i c ,  a 
f e a t u r e  in accord w i t h  e f f e c t s  on o t h e r  n e u r o t r a n s m i t t e r  
systems.  I f  t h e re  were a re d u c t i o n  in GABA in c e r t a i n  b r a i n  
reg ions  t h i s  cou ld p rov ide  some e x p l a n a t i o n  f o r  the 
rep o r ted  i nc reased  c e n t r a l  nervous system e x c i t a b i l i t y  
s ince  GABA i s  a major  i n h i b i t o r y  n e u r o t r a n s m i t t e r .  In 
consequence,  any e f f e c t  o f  lead on GABAergic 
n e u ro t r a n s m i s s i o n  would be expected to  produce an i nc rease
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i n  c e n t r a l  e x c i t a b i l i t y  or  a l t e r n a t i v e l y ,  i n h i b i t i o n  o f  
neurochemica l  paths which mediate i n h i b i t i o n  o f  the c e n t r a l  
nervous system.  However, these e f f e c t s  remain t o  be proven.
More r e c e n t l y ,  the o p io i d  n e u r o t r a n s m i t t e r s  have been 
s t u d i e d .  One group have noted an i nc rease  in s t r i a t a l  
enkephalons f o l l o w i n g  lead exposure (Govani  e t  a 1, 1980;
Memo ejt ^ , 1 980 ) w h i l s t  o th e r  s t u d ie s  have demonst rated a
dep ress ion  in  t h i s  same b r a in  r eg ion  (C lay ton  e t  _a^, 1983,
Winder e^  1 984 ) a l though these s tu d ie s  employed a
l e s s e r  degree o f  lead exposure.
Sparse data i s  a v a i l a b l e  concern ing  the  t r y p t a m i n e r g i c  
system. The data f rom one group (Dubas & Hrd ina ,  1978; 
Dubas £ t  £l_, 1 978 ) r epor ted  reduced l e v e l s  o f  5-
h y d r o x y t r y p a m i ne and in two b r a i n  r e g i o n s ,  the c o r t e x  and 
hypotha lamus,  w h i l s t  the l ev e l  o f  m e t a b o l i t e ,  5- 
h y d r o x y i n d o a c e t i c  ac i d  was also depressed in these two same 
b r a i n  r e g i o n s  in a d d i t i o n  to the m i d b r a i n .
L a s t l y ,  con ce rn ing  o t h e r  p u t a t i v e  n e u r o t r a n s m i t t e r s  such 
as amino a c i d s ,  Patel  and h is  co l l ea gu es  (Pate l  e_t a 1 , 
1974) measured the  developmental  i nc rease  in g l u ta m a te ,  
a s p a r t a t e  and g l u tam ine  and noted i t  t o  be reduced in lead 
t r e a t e d  compared t o  c o n t r o l  an imal s .  Uptake o f  o th e r  amino 
ac ids  i n t o  c e r t a i n  b r a i n  r e g i o n s ,  such as g l y c i n e ,  
p h e n y l a l a n i n e ,  l e u c i n e ,  p r o l i n e  and uyros ine  has been 
observed t o  be e i t h e r  unchanged ( S i l b e r g e l d  & Goldberg,
1 975 ) o r  i nc reased  (Gerber  e_t 1 978 ) .  The most im po r ta n t
n o n s p e c i f i c  e f f e c t  of  lead i s  u n d e r n u t r i u i o n . The 
c o n c l u s i o n s  drawn f rom s tud ies  where a degree o f  
u n d e r n u t r i t i o n  i s  p resen t  must be cons idered  c a r e r u l l y .
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A l t ho u gh  the  haemopo ie t i c  system has long s i nce  been 
recogn i sed  as a t a r g e t  system f o r  the t o x i c  a c t i o n  o f  l ea d ,  
and i t  was b r i e f l y  i n v e s t i g a t e d  w i t h  regard t o  the  
n e u r o t o x i c  a c t i o n s  o f  lead ( ch ap te r  7 ) ,  i t  remains f a r  f rom 
c l e a r  as t o  the  i nvo l vement  o f  ALA in b r a i n  
n e u r o t r a n s m i s s i o n .  A l t e r a t i o n s  in the c o n c e n t r a t i o n  o f  t h i s  
compound may we l l  occur  as a r e s u l t  o f  lead exposure even 
at  r e l a t i v e l y  low l e v e l s ,  but  we must prove t h a t  ALA is  
n e u r o a c t i v e  a t  c o n c e n t r a t i o n s  noted w i t h i n  the b r a i n  du r i n g  
lead exposure be fo re  we can p l a u s i b l y  con s id e r  a r o l e  f o r  
ALA in lead ne u r o c h e m is t r y .
I t  would t h e r e f o r e  appear t h a t  t he re  are a g re a t  many 
proposed b i o che m ica l  e f f e c t s  o f  l ead,  and whether  or  not  
a l l  do indeed occur  remains t o  be proven,  but  i t  would s.eem
more p r ob a b l e  t h a t  severa l  observed a l t e r a t i o n s  are
secondary t o  a l t e r n a t i v e  p r imary  e f f e c t s  o f  l ead.  P r e l s t e l l  
sums up t he  s i t u a t i o n  a c c u r a t e l y  -
'w i t h  t he  passage o f  t ime the on l y  measurement of  agreement 
reached among va r i ous  exp e r t s  was t h a t  the problem was 
complex,  and w i t h  the advent  o f  modern l a b o r a t o r y  methods 
i t  seems to  have become even more c o m p l i c a t e d . '
Prei  s t e l 1, 1958
In a d d i t i o n  to these s p e c i f i c  observed a l t e r a t i o n s  on
the n e u r o t r a n s m i t t e r  systems,  t he re  are known i n t e r f e r e n c e s  
in i n t e r m e d i a r y  metabo l ism.  Amongst these the one most 
l i k e l y  t o  be o f  supreme impo r tance,  e s p e c i a l l y  w i t h i n  the 
nervous sys tem,  are those b i ochemica l  e f f e c t s  upon t e r m in a l  
o x i d a t i v e  metabol ism. In v i vo  and in v i t r o  s tu d i e s  have 
shown changes in m i t o c h o n d r i a l  f u n c t i o n .  Changes in che
morphology o f  the o r g a n e l l e  have been noted in seve ra l  
organs i n c l u d i n g  Kidney (Goyer & Phyre,  1973) ,  hear t
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(Malpasse e t  al_, 1971; Moore et  1975 ) ,  l i v e r  (Hof fman 
Gt a I » 1 972 ) and in t he  c e n t r a l  and p e r i p h e r a l  nervous
systems (P re ss ,  1 977; Brashear  a_l_, 1 978) .  Such e f f e c t s
on t he  m i t o c h o n d r i o n  w i l l  r e s u l t  in changes in t e r m i n a l
o x i d a t i v e  me tabo l i sm.  Uncoupl ing of  energy and metabol i sm 
occurs  and c e l l  r e s p i r a t i o n  is  i n h i b i t e d  ( B u l l ,  1980).  Such 
a l t e r a t i o n s  in m i t o c h o n d r i a l  f u n c t i o n i n g  may we l l  be more 
im p o r t a n t  in t h e i r  own r i g h t ,  but  more s i g n i f i c a n t l y  they  
may r e s u l t  i n  reduced a v a i l a b i l i t y  o f  p r ecu r so rs  f o r  
n e u r o t r a n s m i t t e r  s y n t h e s i s ,  such as a c e t y l c h o l i n e ,  as 
d i scussed  e a r l i e r .  The repor ted  neurochemica l  e f f e c t s  of  
lead are enormous.  Broad l y  speak ing,  the  c h o l i n e r g i c  system 
i s  a s s o c i a te d  w i t h  changes at  r e l a t i v e l y  h igh l e v e l s  of  
exposure and indeed many changes are o f  a n o n - s p e c i f i c  
n a tu r e .  The data p resented in t h i s  t h e s i s  would however
suppor t  s p e c i f i c  changes,  a l though m ino r ,  o c c u r r i n g  in 
c h o l i n e r g i c  f u n c t i o n  at  low l e v e l s  o f  exposure .  E f f e c t s  on 
the c a t e c h o l a m i n e r g i c  system are noted more f r e q u e n t l y  at  
l ower  l e v e l s  o f  exposure.
In c o n c l u s i o n  t h e r e f o r e ,  i t  i s  not  unexpected t h a t  lead 
w i l l  be n e u r o t o x i c  in view o f  the d i v e rs e  b i ochem ica l  
e f f e c t s  i t  i s  observed t o  have, both in v i vo  and in v i t r o .  
As a r e s u l t  o f  the  vas t  con fus ion  which e x i s t s  in the 
l i t e r a t u r e ,  the  mode and s i t e s  of  a c t i o n  o f  lead upon the 
nervous system are not  understood but  i t  i s  c l e a r  t h a t  
t he re  are sev e ra l  components to t h i s  a c t i o n  i n v o l v i n g  both 
neurochemica l  and c y t o l o g i c a l  f e a t u r e s .  Most p robab l y  a l l  
r e l a t e  t o  the  neurochemica l  f e a tu r e s  which r e s u l t  f rom over
exposure t o  the me ta l .  The r e l a t i v e  impor tance o f  Lhese
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va r i o us  neurochemica l  events i s  d i f f i c u l t  t o  a p p o r t i o n .  
There are o b v i o u s l y  changes in ca te ch o la m in e rg i c  f u n c t i o n  
which may be l i n k e d  to  the a v a i l a b i l i t y  o f  p t e r i d i n e  
c o f a c t o r .  Other  systems such as the c h o l i n e r g i c ,  
t r y p t a m i n e r g i c  or  GABAergic system are l ess  marked ly  
a f f e c t e d  bu t  undoubted l y  e s p e c i a l l y  at  h i g he r  l e v e l s  of  
exposure,  c o n t r i b u t e  to  the observed changes assoc ia ted  
w i t h  lead exposure and the same ap p l i e s  to  the p l e t h o r a  o f  
o th e r  n e u r o t r a n s m i t t e r s .  The s c i e n t i f i c  wor ld must move on 
from the  s imp le  i d e n t i f i c a t i o n  o f  such changes in the 
va r i ou s  n e u r o t r a n s m i t t e r  systems to proceed towards a goal  
o f  a p p o r t i on m en t  o f  the impor tance o f  these v a r i o us  
e f f e c t s .
Most p r o b a b l y  lead does not  have a widespread act ion^ 
over  t he  whole nervous . system where gross anatomy i s  
concerned,  bu t  a more r e a l i s t i c  view when i n v e s t i g a t i n g  
b i ochem ica l  e f f e c t s  i s  t h a t  the metal  i s  e x e r t i n g  s p e c i f i c  
ac t i o n s  on d i s c r e t e  anatomica l  areas o f  the c e n t r a l  nervous 
system and t hus  the b iochemica l  a b e r r a t i o n  w i l l  be q u i t e  
s p e c i f i c  t o  the  b r a i n  r eg ion  under c o n s i d e r a t i o n .  The data 
presented t h r o u g h o u t  t h i s  t h e s i s  would c e r t a i n l y  conform to  
t h i s  h y p o t h e s i s .  I f  t h i s  is indeed the case,  the 
o b s e r v a t i o n  w i l l  go some way to e x p l a i n i n g  some o f  the  
d i s c o r d a n t  o b s e r v a t i o n s  in the l i t e r a t u r e .
There remain severa l  ques t i ons  s t i l l  unanswered which 
were f i r s t  asked many years  ago. F i r s t l y ,  uhe concept  o f  a 
t h r e s h o l d  l e v e l  o f  lead at  which e f f e c t s  begin to  occ u r ,  
and second l y  t i e d  in w i t h  t h i s  n o t i o n ,  the idea of  a 
' no rma l '  b l ood lead l e v e l .  Today, we s t i l l  remain in the
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dark as t o  t he  e f f e c t s  observed both in pa tho logy  and in 
b i ochem ica l  pathways.  Over and above t h i s ,  i f  such e f f e c t s  
do indeed o c c u r ,  do t hey  have a c l i n i c a l  s i g n i f i c a n c e ?  The 
answers t o  these  ques t i on s  remain to be e l u c i d a t e d .
I t  i s  most p r obab l y  c o r r e c t  to  say t h a t  lead neuropathy 
is an example o f  a concept  proposed by S i r  Rudolph Pe te r s ;  
i t  was suggested t h a t  t h e re  was a n e c e s s i t y  t o  i d e n t i f y  a 
me tab o l i c  d e f e c t  as the b i ochemica l  bas i s  f o r  the  
n e u r o t o x i c  a c t i o n  o f  chemical  substances.  I d e n t i f i c a t i o n  of  
a p r im a ry  b i o chem ica l  l e s i o n  i s  not  easy,  s ince t he re  may 
be a t ime  lag between the per i od  of  exposure and the 
e f f e c t .  Lead neuropathy  ensues as a r e s u l t  o f  a c h r o n i c ,  
perhaps long term exposure to  lead.  Thus i t  i s  d i f f i c u l t  t o  
c o r r e l a t e  observed b i ochemica l  , l e s i o n s  w i t h  
e l e c t r o p h y s i o l o g y  and neurochemical  data s i nce  i t  cannot  be 
assumed t h a t  peak lead c o n c e n t r a t i o n s  c o i n c i d e  w i t h  the  
t ime o f  measurement-, and indeed peak b i ochem ica l  changes 
may w e l l  no t  occur  s im u l t a ne ou s l y  w i t h  maximum 
p h y s i o l o g i c a l  change. A l t e r a t i o n s  in neu rochemis t r y  may 
p reced t  and be the bas i s  f o r  the a l t e r e d  behav iour  and 
p a t h o lo g i e s  p r e v i o u s l y  a t t r i b u t e d  to  lead exposure.  
A l t e r n a t i v e l y  such noted neurochemical  changes a l though 
p re s en t ,  may no t  r e s u l t  in any c l i n i c a l  m a n i f e s t a t i o n s  and 
t h e r e f o r e  t h e i r  r e l evance is q u e s t i o n a b l e .  Due t o  the 
c o m p l ex i t y  o f  the s i t u a t i o n  i t  has proven d i i f i c u i t  tO 
r e l a t e  neurochemica l  and n e u r o p a t h o l o g i c a l  e f f e c t s  o f  l ead.  
Many p a t h o l o g i c a l  changes repo r ted  in the  l i t e r a t u r e  were 
noted at  e x c e e d i n g l y  e l eva ted  lead l e v e l s ,  l e v e l s  which 
have no re l evance  to the c u r r e n t l y  employed lower
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c o n c e n t r a t i o n s  now used in animal  e x p e r i m e n t a t i o n .  A l though 
c e r t a i n  chemica l  changes w i t h i n  the c e n t r a l  nervous system 
may not  be m a n i f e s t  c l i n i c a l l y ,  I t h i n k  i t  na i ve t o  accept  
these changes as of  no d e t r i m e n t a l  s i g n i f i c a n c e .  The l e v e l s  
o f  lead which t he  p o p u l a t i o n  as a whole,  and young c h i l d r e n  
in p a r t i c u l a r ,  are exposed to must be reduced t o  a l e v e l  at  
which no d e t e c t a b l e  changes o f  any s o r t  can be observed 
w i t h i n  t he  human body. I f  t h i s  is not  p o s s i b l e ,  then every  
e f f o r t  shou ld be made t o  reduce lead exposure to  a minimum 
f rom every  source known to  man today .
A g r e a t  wea l t h  o f  data is  emerging d a i l y  concern ing  the
neurochemica l  a b e r r a t i o n s  assoc ia ted  w i t h  lead t o x i c i t y ,
but  as y e t  no consensus o f  op in i on  has been a t t a i n e d  in  the
i d e n t i f i c a t i o n  o f  a s i n g l e  c r i t i c a l  b i ochem ica l  l e s i o n  
r e s p o n s i b l e  f o r  the  damage to  the neurone.  More p robab l y  
u l t i m a t e l y  one s p e c i f i c  a l t e r a t i o n  w i l l  not  be found ,  but  a 
group o f  e f f e c t s  w i l l  be i d e n t i f i e d .  I b e l i e v e  i t  remains 
e s s e n t i a l  t h a t  the  quandary which has t r o u b l e d  s c i e n t i s t s  
and p h y s i c i a n s  a l i k e  f o r  so many years be so l ved ,  d e s p i t e  
the v iews o f  o t h e r  eminent  people -
'as long as everyone i s  occupied in the search a f t e r  t r u t h ,  
i t  m a t t e r s  l i t t l e  i f  a l l  a r r i v e  at  d i f f e r e n t  c o n c l u s i o n s . '
J. P r i e s t l y ,  1733 - 1804
The one c o n c l u s i o n  must be reached even i f  t h i s  means 
a r r i v i n g  a t  d i f f e r e n t  lead r e l a t e d  e f f e c t s  w i t h i n  each 
n e u r o t r a n s m i t t e r  pathway,  but  the b i ochemica l  l es i o n  w i t h i n  
each pathway must be agreed upon.
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APPENDICES
Appendi  x J_
Materials and methods
Animals The r a t s  employed in a l l  exper iments  were
su p p l i e d  by Ban t i n  & Kingman, Gr imston,  H u l l ,  England.
Lead ^  cadmium e s t i m a t i o n  Lead and cadmium n i t r a t e  
s o l u t i o n s  were o f  a tomic a b so rp t i on  spec t ropho tome t r y  grade 
su p p l i e d  by BDH B io che m i ca l s ,  Poole,  England.  N i t r i c  ac i d 
used in bone lead e s t i m a t i o n  was ' a r i s t a r '  grade f rom BDH; 
g l assware  and d i s p o s i b l e  po l yp ro py le ne  equipment  was 
presoaked i n  ' a n a l a r '  n i t r i c  ac id (BDH).
HPLC HPLC columns were packed w i t h  Sphe r i so rb  5yjm CDS 
packing m a t e r i a l  ob ta i ned  f rom Phase-Separat ions  L t d . , 
Queen s fe r r y ,  Clwyd.  i^kthano 1 employed in the mobi le  phase 
was o f  'HPLC grade o b t a i n a b l e  f rom seve ra l  commercial  
s u p p l i e r s ;  sodium o c t y l  su l pha te  was f rom Eastman Kodak; 
po tass ium d ihyd rogen  o r t hophospha te  was HPLC grade f rom 
F i sons .  D i s t i l l e d  wa te r  used t o  prepare mob i l e  phase was 
r e d i s t i l l e d  f rom a l k a l i n e  potass ium permanganate.
Alumina Woelm n e u t r a l  a c t i v i t y  grade 1 al-umina was 
employed f o r  e x t r a c t i o n  of  ca techo lam ines .
Tyros ine  h y d r o x y 1ase a c t i  v i t y  L - t y r o s i n e ,  benzyfoxyamine 
and 3 , 4 - d i h y d r o x y b e n z y 1 amine hydrobromide were f rom Sigma; 
6- m e t h y l - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n  and c a ta l a s e  f rom Cal -  
biochem, Cambr idge.
P h e n y l e t h a n o l a m i n e  N - m e t h y l t r a n s f e r a s e  N o r a d r e n a l i n e ,
t r y p t a m i n e ,  B - p h e n y l - e t h y l  a m i n e ,  p h e n y l e t h a n o l a m i n e  and 
PNMT w e r e  s u p p l i e d  by  S i g m a ;  F i s o f l u o r  ' mpc  was f r o m  
F i s o n s ;  l a b e l l e d  S - a d e n o s y l - L - ( m e t h y l -  H ) m e t h i o n i n e  was 
o b t a i n e d  f r o m  A me r s h a m I n t e r n a t i o n a l  p i c . ,  B u c k i n g h a m s h i r e .
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C r i t h i d i a  fa  sc i eu 1 ata plasma b i o p t e r i n s  a l l  components
f o r  p a r t  1 o f  the  c u l t u r e  medium were ob ta i ned f rom BDH as 
was haemin and suc rose;  t r i e t h a n o l  amine and a l l  components 
of  p a r t  2 were su pp l i ed  by Sigma; v i t a m in  f r e e  casamino 
ac ids  were f rom D i f c o ;  yeas t  e x t r a c t  f rom Oxoid;  T r y p t i c a s e  
f rom BAL; l i v e r  f r a c t i o n  L f rom N u t r i t i o n a l  B iochemica l  
Co. ;  F o l i c  ac i d  f rom Kodak.
T e t r a h y d r o b i o p t e r i n  7 , 8 - d i h y d r o - L - b i o p t e r i n  and 5 , 6 , 7 , 8 -  
t e t r a h y d r o b i o p t e r in d i h y d r o c h l o r i d e  were ob ta i ned  f rom Dr. 
B. S c h i r c k s  L a b o r a to r y ,  Buechs t r .  17, CH-8645, dona,
S w i t z e r l a n d .
Di h y d r o p t e r i  d i ne reduc tase  ho rse radd i sh  perox idase and
NADH were ob ta i ned  f rom Sigma; 6 - m e t h y l - 5 , 6 , 7 , 8 -  
t e t r a h y d r o p t e r i n  and 6 , 7 - d i m e t h y l - 5 , 6 , 7 , 8 - t e t r a h y d r o p t e r i n  
were f rom Calbi ochem,  Cambridge.
P r o t e i n  e s t i m a t i o n  bov ine serum albumin was ob ta i ned f rom 
Armour Pha rmaceut i ca l  Co. ,  Eastbourne,  England;  F o l i n  & 
C i o c a l t e a u ' s  r eagent  f rom BDH.
Cho l ine  a c e t y l t r a n s f e r a s e  u n l a b e l l e d  a c e t y 1 coenzyme A and 
ph ys os t i gm ine  were sup p l i ed  by Sigma w h i l s t  the l a b e l l e d  
compound was f rom Amersham I n t e r n a t i o n a l  p i c .
5 - A m i n o l a e v u l i n i c  ac i d synthase l a b e l l e d  2{ 14C) -g l y c i n e  
was f rom Amersham I n t e r n a t i o n a l  p i c .
A l l  o t h e r  reagents  employed in the assays used in t h i s  
t h e s i s  were o f  ' a n a l a r '  grade a n d  ob ta ined  f rom commercial
s u p p l i e r s .
Append i x 2^  Q ue s t i on na i re  ^  Glasgow lead study 1981
I d e n t i f i c a t i o n  number
LA Code Personal  number 
l e t t e r
PART 1 : PERSONAL DETAILS
1.1 Surname
1.2 F i r s t  name( s )
1.3 Home address
Post  code
1.4 Te lephone Home
Work
1.5 R e s u l t  t o  be re po r t ed  ( i )  To s u b j e c t  Yes
- No
on l y  i f  e l ev a ted  :PbB 
( i i )  To genera l  p r a c t i t i q n e r  Ye-s
No
on l y  i f  e l e va ted  PbB
1.6 General  P r a c t i t i o n e r
Name _________________    ;______ —:------ ---------
Address  ______________  _ _________
- Page 1 -
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PART 2:  BACKGROUND INFORMATION
2.1 Member S ta te  0 9
2.2 Area Code 8 7 5 0
2.3 Type o f  survey  0 Q 8
2.4 Persona l  number
2.5 Date q u e s t i o n n a i r e  completed
day month year
2.6 E th n i c  o r i g i n  Whi te 0
- . A f r i can /W. - I nd ian  - 1_
In d i . a n /P a k i s ta n i /B a n g l a d e s h i  2
- - - other - - 3
2 .7  Sex -  Male - Female .
■■ '  0 T ' ■
2.8  Date o f  b i r t h  -
month year
2.9 Years o f  r e s i dence  a t  
p r e s e n t  address
"Page 2 -
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2.10 House b u i l t
Be fo re  A f t e r  Not
1945 1945 known
0 1 2
2.11 C u r r e n t  oc cu pa t i on
2 .11 .1  Working Not work ing
0 1 
i f  NOT Working , go t o  Q.2.12
2 . 1 1 . 2  Employee S e l f -
employed
2 . 1 1 . 3  Type o f  j ob
Manager Foreman Other
2 . 1 1 . 4  Type o f  bus iness
2 . 1 1 . 5  Medi ca l  s u r v e i l l a n c e  f o r  occu pa t i o na l  
lead exposure in  p resen t  j o b
YES NO - Don ' t
know
0 1
2 . 1 1 .6  Length o f  t ime in p resen t  j ob
Less than More than
s i x  months s i x  months
0 1
I f  more than s i x  months go t o  Q 2.14 
- Page 3 -
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2.12
A l l  those  not  c u r r e n t l y  work ing
Have you ever  worked? YES NO
0 1
A l l  t hose  in c u r r e n t  j ob  less than 6 months.  
D i f f e r e n t  j ob  w i t h i n
l a s t  12 months ? YES NO
0 1
IF NO TO EITHER QUESTION 
GO TO Q 2.14
2.13 P rev io us  occ upa t i on
2 .1 3 .1  Employee _ Sel f -employed
2 . 1 3 . 2  - Type o f  j ob
2 . 1 3 . 3
Manager Foreman
Type o f  bus iness
Othe r
2 . 1 3 . 4  Medical  s u r v e i l l a n c e  f o r
occup a t i o na l  exposure to  lead? 
YES NO Don ' t
Know
0
- Page 4 -
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2.14 Exposure o f  o th e rs  in household 
t o  o c c u p a t i o n a l  lead
YES NO DONT
KNOW
Spouse
Fa t he r
Mother
Other
a d u l t
Not
a p p l i c a b l e
0 1 2 3
2.15 Smoking h a b i t s Never smoke 
these days 0
2 .1 5 . 1  C i g a r e t t e s -
-  -
Less than 
5 a day 1
5-20 a day 2
More than
. 20 a day 3 ~
2 . 1 5 . 2  Pipe or  Cigars YES -NO
0 1
2.16 Predominant  d r i n k i n g  h a b i t s
Tap water
Please t i c k  a l l  
which app l y
B o t t l e d  water  
Mi lk
Canned j u i c e s  
Beer 
Wine 
S p i r i t s  
- Page 5 -
PART 3: RESULTS OF BLOOD LEAD ANALYSIS 
(TO BE RETURNED TO DOE)
3.1 Blood sampl ing
3.1 .1  Date o f  co l  l e c t i o n
day
3 . 1 . 2  Method
3 .1 .2  A n t i - c o a g u l a n t
3.2 Blood a n a l y s i s
3 .2 .1  Date o f  a n a l y s i s
month
c a p i l l a r y
venous
EDTA
y e a r
day month
3 . 2 . 2  L a b o r a t o r y
3 .2 .3  B l o o d - l e a d  
- ( ugy 10 0ml }
3 . 2 . 4  I n t e r n a l  q u a l i t y  c o n t r o l
Orange
Green
: - Page 6 -
year
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EPILOGUE
EPILOGUE
^ertain important ooservatrons have emerged from the 
collected data presented in the various chapters throuqhout 
this thesis. Firstly, there is adequate evidence in the 
results section of each chapter to show that lead is affect­
ing brain neurochemistry; and secondly, this neurotoxic 
action is not uniform throughout the brain. Investigation of 
the cholinergic, catecholaminergic and tetrahydrobiopterin 
systems within the brain has demonstrated a selective effect 
of lead in only two of the four anatomical brain regions 
studied in this research.
The results obtained in the cholinergic (chapter 4), 
catecholaminergic (chapter 5), and tetrahydrobiopterin 
(chapter 6) systems.» shows that it is in the midbrain and 
the diencephalon that lead is having the greatest effect. 
Although several parameters were measured in the telenceph­
alon region of rat brain following lead exposure, at periods 
of.between one and seven months post-weaning in addition to 
a period of exposure in utero, only one significant change 
was observed by comparison with control animals; namely 
when rats were exposed to 480jjM lead for one month post— 
weaning, there was a significant elevation in dopamine in 
this brain region, but only when the results were expressed 
per unit of tissue and not protein.
In the cerebellum no significant lead-related changes 
were observed in choline acetyltransferase activity, tetra­
hydrobiopterin concentrations, or dihydropteridine reductase 
activity in any group of lead exposed animals. There were
4 2 5
however alterations in various parameters of the catechol- 
aminergic system in this brain region. Noradrenaline levels 
were reduced in the group of rats exposed in utero and for 
one month post-weaning to 480uM lead while a reduction in 
dopamine was noted following seven months post-weaning 
exposure to 48jif4 lead. The rate controlling enzyme of the 
catecholamine synthetic pathway, tyrosine hydroxylase was 
also increased in those lead exposed rats which exhibited 
raised noradrenaline levels in the cerebellum.
However, as stated above, the midbrain and diencephalon 
exhibited the majority of lead related changes. Within the 
cholinergic nervous system lead exposure resulted in a sig­
nificant reduction in choline acetyl transferase activity in 
the midbrain following three months exposure to 24jiM lead, 
whilst the same enzyme was elevated in the diencephalon, 
investigation of the metabolism of tetrahydrobiopterin in 
the four brain regions showed significant changes both in 
cofactor concentration and dihydropteridine reductase 
activity only in the diencephalon. In the catecholamine : 
ergic nervous system (chapter 5), several lead related 
effects were noted in both the midbrain and the dienceph­
alon. Considering all the lead exposure groups, noradren­
aline levels were noted to be reduced by lead exposure in 
the midbrain, as were dopamine concentrations. The only 
change in tyrosine hydroxylase activity in. the-, midbrain 
was observed in the seven month (48^M) group of animals 
in which enzymatic activity was significantly reduced.
Three months exposure to 48C^M lead caused an elevation in 
phenylethanolamine N—methyl transferase (PNMT) activity
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while lengthening the time to seven months resulted in PNMT 
activity falling below control values, while dopamine 
concentrations were observed to fall in the diencephalon as 
a result of lead exposure and noradrenaline levels were also 
altered, the direction of change of noradrenaline was variable 
being dependant on the length and ofegree of lead exposure. 
Tyrosine hydroxylase activity was also noted to be reduced 
by lead, as was PNMT activity in the diencephalon.
These results suggest that the effect of lead is regionally 
specific with little or no effect in the telencephalon.
There is a modest influence on the catecholaminergic 
nervous system in the cerebellum, and numerous effects on 
the catecholamiuerg&c nervous system, tetrahydrobiopterin 
metabolism and choline acetyltransferase activity in the 
midbrain and diencephalon.
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